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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

GalnAsP/lnP  diode  lasers  have  been  fabricated  with  an  intracavity  electroabsorption 
modulator.  The  additional  loss  produced  by  operating  the  modulator  near  maximum 
reverse  bias  increased  the  laser  threshold  by  a  factor  of  as  much  as  2.9  relative  to 
the  threshold  with  the  modulator  open-circuited.  Large  depth  of  modulation  of  the 
laser  output  has  been  achieved  at  frequencies  up  to  2.5  Gllz,  the  system  measure¬ 
ment  limit. 

InP  optoelectronic  switches  have  been  shown  to  have  potential  performance  advan¬ 
tages  over  conventional  diode  bridges  as  electronic  mixers.  These  advantages 
include  ‘solation  of  local  oscillator  and  signal,  simplicity  of  construction,  and  lin¬ 
earity  from  low  frequencies  into  the  gigahertz  range.  Mixer  operation  has  been 
demonstrated  at  100  MHz,  and  calculations  indicate  good  performance  into  the  giga¬ 
hertz  range  with  existing  Ini1  technology  and  GaAs  laser  sources. 

II.  QUANTUM  ELECTRONICS 

A  preliminary  study,  including  laboratory  measurements,  has  been  made  to  test  the 
capability  of  a  dual-laser  diffe  rential  absorption  LIDAR  system  for  the  remote  sens¬ 
ing  of  hydrazine,  monomethylhydrazine,  and  unsymmetrical  dimethylhydrazine, 
which  are  used  as  aircraft  and  missile  propellants.  The  results  indicate  that  a  de¬ 
tection  sensitivity  of  10  to  100  parts  per  billion  in  the  atmosphere  over  a  range  of 
several  kilometers  should  be  achieved  with  these  molecules. 

Two  GaAlAs  flouble-tv'torostructurc  semiconductor  diode  lasers,  each  in  a  separate 
external  cavity,  have  been  heterodyned.  Broadly  tunable  (10  nm),  single  longitudinal 
mode  operation,  with  a  spectral  lim  width  less  than  15  kHz,  has  been  observed  for 
the  first  time. 

The  characteristic  times  for  thermalization  to  the  lattice  temperature  of  electrons 
excited  to  the  upper  noncentral  conduction-band  minima  of  GaAs  and  InP  have 
been  measured  using  a  four-wave  mixing  technique.  Relaxation  times  of  1.1  ps  for 
GaAs  and  0.3  ps  for  InP  at  a  lattice  temperature  of  300  K  are  obtained.  Measure¬ 
ments  of  the  nonresonant  third-order  susceptibility  in  these  materials  show  that  it 
is  dominated  by  bound  electron  contributions  and  is  insensitive  to  the  free  carrier 
concentration. 

ill.  MATERIALS  RESEARCH 

Shallow -homojunction  GaAs  solar  cells  have  been  fabricated  from  single-crystal 
GaAs  epilayers  grown  by  chemical  vapor  deposition  on  Si  substrates  that  wer<  coated 
with  a  thin  epilayrr  of  vacuum -evaporated  Ge  to  enhance  GaAs  nucleation.  These 
cells,  which  have  conversion  efficiencies  of  12  percent  (AMI),  are  the  first  reported 
GaAs  devices  fabricated  on  Si  substrates. 


JFHSCHttNO  PAOX 


BLANK. -NOT  fl 


4 


Vll 


Cathodolumini'scrnci-  e  xcite  d  by  the  electron  beam  of  a  scanning  electron  microscope 
has  been  utilized  for  nondestructive  characterization  of  the  optoelectronic  properties 
of  polycrystalline  GaAs  doped  with  Zn  at  the  concentration  level  ( ~  1 0 Cm*3)  used 
for  the  substrates  of  GaAs  shallow -homojunction  solar  cells.  By  employing  cathod- 
oluminescence  imaging  and  using  spectral  analysis  to  determine  local  carrier  con¬ 
centrations  and  diffusion  lengths,  it  has  been  found  that  grain  boundaries  in  this 
material  differ  significantly  in  their  effects  on  nonradiative  recombination  and  im¬ 
purity  distribution. 

A  simple  transient  annealing  technique,  which  should  be  useful  for  large-scale  semi¬ 
conductor  processing,  has  been  developed  for  removal  of  ion- implantation  damage  in 
Si.  For  samples  implanted  with  As  at  concentrations  below  the  equilibrium  solubility 
limit,  annealing  at  900°  to  1000°C  for  only  10  seconds  on  a  graphite  strip  heater  re¬ 
sults  in  electrical  activation  comparable  to  that  obtained  by  a  conventional  furnace 
anneal  at  1000°C'  for  30  min.  ,  but  with  negligible  dopant  redistribution. 

A  simplified  version  of  the  LESS  technique  (Lateral  Epitaxy  by  Seeded  Solidification) 
has  been  developed  for  the  gt  owth  of  single-crystal  Si  films  over  insulators.  Films 
grown  over  SiC>2  by  the  new  method,  which  uses  a  stationary  graphite  strip  for  tran¬ 
sient  heating,  art'  comparable  in  crystal  quality  to  the  films  obtaimd  by  the  original 
method,  which  uses  both  a  stationary  heater  and  a  movable  heater. 


IV.  MICROELECTRONICS 

The  technique  of  charge  skimming  has  been  investigated  for  use  with  the  CCD  imager 
developed  for  the  GEODSS  (Ground-based  Electro-Optical  Deep  Space  Surveillance) 
Program  as  a  means  of  increasing  the  sensitivity  of  the  sensor  for  daylight  sky  sur¬ 
veillance,  an  application  characterized  by  high  background  and  low  contrast.  To 
demonstrate  the  capability  of  this  technique,  the  final  transfer  stage  of  a  CCD  array 
has  been  operated  with  a  signal  of  approximately  3,700  electrons  electrically  added 
to  an  optically  induced  background  of  400,000  electrons. 

A  metallization  technique,  in  which  alternating  films  of  silicon  and  a  refractory 
metal  are  deposited  from  a  multi-hearth  electron-beam  source  without  breaking 
vacuum,  has  been  used  to  investigate  the  formation  of  refractory-metal  silicides. 
Although  TaSij  and  MoS^  are  readily  formed  by  this  technique,  the  chemistry  of 
vacuum -deposited  tungsten  films  results  in  an  isolating  oxide  between  the  tungsten 
and  silicon  films  that  pre  vents  the  formation  of  W.Si.,  up  to  1000°C.  This  prope  rty 
of  tungsten  makes  it  inherently  useful  for  buried-metal  films  in  silicon  device's. 

The  high-accuracy  alignment  capability  of  scanning  electron-beam  lithography  sys¬ 
tems  has  be  en  applied  to  FET  device  patterns  with  submicrome  ter  fe  ature  size  s. 
A  multist'  p  alignme  nt  proce  dure'  is  use  d  which  involve  s  coarse'  registration  to  large' 
alignme  nt  marks  vie  we  d  at  low  magnification,  follc?we-d  by  high-re  solution  alignme  nt 
using  a  se  t  e>f  small  alignme  nt  marks  imaged  at  high  magnification. 
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V.  ANALOG  DEVICE  TECHNOLOGY 


Tests  on  MNOS/CCD  anale  mmory  chips  indicate  that  the  devices  can  withstand 
at  least  10^  erase/write  cycles  before  the  onset  of  degradation  in  writing  and  reten¬ 
tion  characteristics.  Fixed-pattern  noise  is  the  major  source  of  error  in  the  mem¬ 
ory  and  is  caused  by  threshold  voltage  variations  both  in  the  thin-oxide  (memory)  di¬ 
electric  (~40  mV)  and  in  the  thick-oxide  (nonmemory)  dielectric  ( —  2  5  mV).  The 
device  also  functions  as  a  binary /analog  memory  correlator,  with  well  over  40  dB 
of  linear  dynamic  range  demonstrated  in  the  correlation  of  15-bit  M- sequences. 

As  part  of  an  e  ffort  to  utilize  superconducting  circuits  to  produce  very  wideband 
analog-signal  processors,  a  design  analysis  has  been  carried  out  for  tapped-delay- 
line  filters  made  with  super  conducting  waveguiding  structures.  The  constraints  on 
delay  and  bandwidth  set  by  conductor  loss,  dielectric  loss,  dispersion,  crosstalk, 
and  current  technology  have  been  determined  for  microstrip,  stripline,  and  coplanar 
waveguides.  Matched  filters  with  time- bandwidth  products  of  over  1000  and  with 
bandwidths  of  2  to  20  GHz  appear  feasible. 
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A.  1NTRACAV1TV  I.OSS  MODI’ I.ATION  OK  C.alnAsl*  1)101)1:  l.ASKKS 

Intracavity  loss  modulation  of  diode  lasers  is  a  possible  alternative  to  conventional  current 
modulation,  particularly  in  applications  requiring  large  depth  of  modulation  at  high  rates  where 
current  modulation  becomes  increasingly  difficult.  Intracavity  loss  can  be  produced  by  inte¬ 
grating  an  electroabsorption  modulator  section  with  a  waveguide  section  and  an  optical  amplifier 
section  as  shown  in  Fig.  1-1. 

~1UUIM-Hl 


OPTICAL  PASSIVE  ELECTROABSORPTION 

AMPLIFIER  WAVEGUIDE  MODULATOR 

SECTION  SECTION  SECTION 


Au  - 


Fig.  1-1.  Schematic  drawing  of  the  laser  cross  section.  The  optical 
amplifier  and  modulator  range  in  length  from  150  to  200  pm  and  50  to 
75  pm,  respectively.  The  waveguide  is  25  pm  long.  A  mesa  (not 
pictured)  is  etched  to  provide  lateral  optical  confinement.  The  end- 
face  mirrors  are  formed  by  cleaving. 


The  device  structure  has  been  fabricated  from  a  conventional  double-heterostructure  wafer 
without  the  use  of  a  tapered  active  region  thickness  or  a  varying  material  composition.  Optical 
gain  is  produced  by  the  forward -biased  double-heterostructure  amplifier  section.  The  electro¬ 
absorption  loss  takes  place  in  the  high-electric-field  region  of  the  reverse-biased  p-n  junction 
modulator  section.  The  waveguide  optically  couples  but  electrically  isolates  the  amplifier  and 
the  modulator.  Complete  isolation  is  ensured  by  making  the  waveguide  longer  than  the  sum  of 
the  modulator  depletion  width,  the  diffusion  length  of  carriers  injected  from  the  amplifier  sec¬ 
tion,  and  the  width  of  any  strain-enhanced  lateral  diffusion  of  zinc  at  the  phosphosilicate  glass- 
Inl’  interface.  The  laser  mirrors,  shown  at  each  end  of  the  structure  in  Fig.  1-1,  are  formed 
bv  cleaving. 

The  device  structure  was  grown  by  liquid-phase  epitaxy  (I.I'K)  on  a  ( 100) -oriented  Inl’(Sn) 

18  -  3 

substrate  doped  to  2  x  10  cm  .  The  step-cooling  technique  was  used  to  grow  a  0.2 -pm -thick 
active  layer  of  fla^  ,>3*n0  TT’^O  5’*  0  4H  n,lr*  a  2 -pm -thick  InP  cap  layer.  The  net  donor  con¬ 
centration  in  both  layers  was  ~t  x  10*^’  cm  \  An  Ini'  buffer  layer  was  ,.ot  needed  because  an 
atmosphere  of  l >  1 1 ^  in  II,  was  used  to  prevent  thermal  etching  of  the  substrate  prior  to  growth. 

Zinc  was  diffused  through  a  window  10  to  12  pm  wide  in  a  phosphosilicate  glass  (I’SOt  mask 
to  form  a  p-ti  junction  for  the  amplifier  section.  A  modulator  section  approximately  25  pm  wide 
and  50  pm  long  was  formed  by  selective  implantation  of  lie  ions  into  the  Ini*  cap,  followed  by 
annealing  at  700  '(  for  10  min.  with  a  I’SCI  cap  layer  in  a  flowing  atmosphere  of  I’ll^  and  N, 

Mtef.  21.  The  Ini'  and  (JalnAsl*  epitaxial  layers  were  masked  and  etched  to  leave  a  mesa  25  pm 


1 


I'll’.  1*2.  iNilsed  threshold,  normalized  to  the  threshold  of  the  laser 
with  the  modulator  open-circuited,  as  a  function  of  the  modulator  re¬ 
verse  bins. 


!■  ii'.  1-^.  hotected  waveform  of  the  laser  output  with  a  2.2-Clflz  modulation 
-lt’i  al  applied  to  tin*  modulator*  The  horizontal  scale  is  1  ns  per  major 

dl  s  I  'M!,. 


wide  for  lateral  optical  confinement  in  the  waveguide  and  modulator  section!}.  Plated  Au-Zn 
contacts  were  microalloyed  to  the  Zn-diffused  and  Be-implanted  regions  through  a  PSG  insulator 
mask  layer,  and  plated  Au-i5n  contacts  were  microalloyed  to  the  n4  substrate.  Ti  and  An  were 
sputtered  and  photolithographically  defined  to  form  cot  tact  pads  on  the  p  side. 

lhilsed  laser  threshold  currents  of  260  to  300  mA  with  the  modulator  open-circuited  were 
typical.  Figure  1-2  shows  the  threshold  of  one  device,  relative  to  the  threshold  with  the  mod¬ 
ulator  open -circuited,  plotted  as  a  function  of  the  DC  modulator  reverse  bias.  The  pulsed 
threshold  increased  by  a  factor  of  about  2.0  upon  application  of  a  20 -V'  reverse  bias,  just  below 
the  modulator  breakdown  voltage  of  22  Y. 

The  lasers  have  been  Q-sw itched  at  repetition  frequencies  between  1.7  and  2.5  GHz  by  ap¬ 
plication  of  a  CVV  microwave  signal  to  the  modulator  and  an  electrical  pulse  to  the  amplifier. 

The  operating  point  of  the  modulator  ear  be  determined  with  a  DC  bias,  which  is  generally  set 
at  a  voltage  near  half  breakdown.  The  electrical  pulse  to  the  optical  amplifier  is  then  increased 
until  the  laser  turns  on,  and  the  microwave  voltage  swing  is  adjusted  between  the  forward- 
conduction  and  reverse-breakdown  voltages  of  the  modulator.  Typically,  the  microwave  drive  is 
about  200  mVV  into  the  unmatched  circuit.  A  C  .nAsl’/lnP  photodiode  with  ■'100  ps  rise  and  fall 
times  is  used  to  detect  the  laser  emission. 

The  detector  output,  as  displayed  on  a  Tektronix  7104  iscilloscope  with  1-Gllz  bandwidth, 
is  shown  in  Fig.  1-1  for  a  modulation  frequency  of  2.2  GHz.  It  can  be  seen  that  the  laser  responds 
at  this  frequency  after  initial  transients  have  decayed.  The  apparent  depth  of  modulation  is 
limited  to  about  50  percent  by  the  oscilloscope  frequency  response,  which  is  down  approximately 
15  dll  at  2.2  GHz.  Large-signal  modulation  has  been  observed  between  1.7  and  2.5  GHz.  Above 
2.5  GHz,  the  oscilloscope  was  not  capable  of  providing  useful  data. 

Additional  high-frequency  measurements,  utilizing  a  sampling  oscilloscope,  provided  a 
better  indication  of  the  depth  of  modulation.  Since  the  optical-amplifier  pulse  and  the  micro- 
wave  signal  are  not  synchronized,  the  non  repetitive  nature  of  the  signal  precludes  a  true  rep¬ 
resentation  of  the  waveform.  Nevertheless,  the  observation  that  the  sample  points  fill  in  be¬ 
tween  the  baseline  of  the  trace  and  the  highest  points  indicates  that  the  depth  of  modulation  is 
substantially  greater  than  the  40  percent  seen  in  Fig.  1-3  and  that  the  laser  is  likely  turning  on 
and  off  at  frequencies  as  high  as  2.5  GHz,  the  limit  of  the  present  measurements. 

Further  work  will  be  necessary  to  define  the  capabilities  and  limitations  of  this  modulation 

technique.  D.  Z.  Tsang  .L.l.llsieh 

.1.  N.  Walpole  .1.  P.  Donnelly 
S.  11.  Groves 

B.  InP  OPTOF.LIX  THONIC  M1XFI1S 

InP  optoelectronic  switches^  are  undergoing  development  for  use  as  electronic  mixers. 

These  devices  offer  several  potential  performance  advantages  over  conventional  diode  mixers, 
including  such  important  features  as  isolation  of  local  oscillator  and  signal,  simplicity  of  con¬ 
struction,  and  linearity  from  low  frequencies  into  the  gigahertz  range. 

4 

As  discussed  bv  Clarke  and  Hess,  switches  may  be  used  as  mixers.  Figure  1-4  illustrates 
one  possible  configuration.  As  shown,  the  switch  s(t)  modulates  the  input  v((t)  to  give  the  output 
v2<t).  Clearly,  when  s(t)  is  closed,  v^ft)  =  v^lt),  and  when  s(t)  is  open,  v2 ( t)  =  0.  In  other  words, 
v,(t)  is  multiplied  by,  with,  or  mixed  with  s(t).  This  multiplying  function,  which  is  also  knowm 
as  chopper  modulation,  may  be  described  analytically  as  shown.  If  we  are  inlerested  in  the  term 
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Fig.  1-4.  Illustration  of  the  use  of  a  switch 
as  a  mixer.  The  three  parts  of  the  figure 
show  the  simplified  mixer  circuit,  the  volt¬ 
age  and  switch  waveforms,  and  the  algebraic 
expansion  of  the  mixer  output. 
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Fig.  I-**.  Schematic'  drawing  of  the  demodulation  experiment  used  to 
demonstrate  mixer  operation  of  an  InP  optoelectronic  switch.  The 
device  used  in  this  test  was  of  the  gap-structure  type  with  a  3 -pm  gap. 
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involving  the  fundamental  of  the  switch  period  and  the  input  signal,  filtering  can  be  used  to  mini¬ 
mize  the  other  terms.  This  process  becomes  more  difficult,  however,  as  the  bandwidths  of  s(t) 
and/or  v^lt)  are  increased  and  the  unwanted  terms  become  included  in  the  passband  of  the  output 
filter.  Another  technique  for  suppressing  unwanted  terms  in  mixer  response  is  to  employ  a  de¬ 
vice  which  is  bilinear,  i.e.,  the  output  is  linear  in  both  the  RF  and  LO  drive  signals.  When  the 
1.0  applied  to  such  a  mixer  is  sinusoidal,  instead  of  chopped  as  s(t)  is  in  Fig.  1-4,  one  eliminates 
the  higher  order  terms. 

As  shown  above,  switches  can  be  used  effectively  as  mixers.  The  Ini’  optoelectronic  switch 
has  a  number  of  important  advantages  relative  to  conventional  mixers.  These  devices  provide 
essentially  total  isolation  between  the  local-oscillator  and  the  other  mixer  ports,  thus  eliminat¬ 
ing  any  leakage  of  the  local-oscillator  signal  to  the  output  IF  port.  There  are  no  nonlinear  ele¬ 
ments  such  as  diodes  which  generate  and  mix  harmonics  of  both  RF  and  LO  signals,  thus  intro¬ 
ducing  spurious  signals  that  limit  the  usable  bandwidth  of  conventional  mixers.  The  fact  that 
there  is  no  DC  offset  in  the  mixer  output  simplifies  the  design  and  operation  of  circuits  in  which 
the  mixer  output  is  video,  i.e.,  low-pass  filtered.  Recause  the  optoelectronic  mixer  is  linear 
in  both  RF  signal  and  light  intensity,  the  device  has  potential  for  operation  in  a  bilinear  mode 
with  the  previously  discussed  advantages.  In  addition,  the  mixers  are  simple  to  fabricate. 

On  the  other  hand,  optoelectronic  mixers  have  a  number  of  disadvantages.  These  devices 
require  a  modulated  source  of  intense  light,  typically  a  laser.  This  requirement  suggests  that 
these  mixers  will  need  higher  local -oscillator  power  than  diode  bridges,  because  lasers  are  at 
best  only  moderately  efficient.  Also,  as  the  required  modulation  speeds  begin  to  exceed  1  GHz, 
the  demands  on  the  laser  source  become  substantial  and,  in  fact,  approach  the  limits  of  modula¬ 
tion  speed  for  diode  lasers.  Furthermore,  the  on-state  impedance  of  current  devices  is  of  the 
order  of  100  S2,  thus  producing  several  dll  of  mixer  conversion  los.>  in  a  50-12  circuit.  However, 
this  situation  is  expected  to  improve  considerably  as  a  result  of  further  device  development,  and 
can  be  dramatically  improved  by  going  to  impedance-matched  configurations. 

A  demodulation  experiment,  shown  schematically  in  Fig.  1-5,  was  done  to  demonstrate  mixer 
operation  of  the  Ini’  switch.  In  this  experiment,  a  t  00  -  MHz  sine  wave  was  modulated  with  square 
waves  of  different  periods  in  a  conventional  diode-bridge  mixer,  and  the  resulting  signal  fed  to 
the  input  of  the  Ini'  device.  The  device  was  illuminated  with  light  from  a  GaAs  diode  laser  whose 
output  intensity  was  synchronized  with  the  sine  wave,  and  the  resulting  mixer  output  was  observed 
on  a  dual-trace  oscilloscope,  along  with  the  inout  to  the  Ini’  mixer.  The  results  for  two  different 
square-wave  periods  are  shown  in  Fig.  1-6,  where  the  device  output  is  seen  to  be  a  faithful  re¬ 
production  of  the  envelope  of  the  input,  as  expected. 
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Fig.  1-6.  Results  of  the  demodulation  experiments  of  Fig.  1-4  at  two 
different  square-wave  periods.  The  harmonic  content  evident  in  the 
input  signals  is  introduced  bv  the  diode-bridge  modulator. 


The  discussion  up  to  this  point  has  centered  on  the  development  and  evaluation  of  InP  mixers 
with  low  on-state  impedances  for  efficient  mixer  operation  in  broadband  systems.  If  one  em¬ 
ploys  impedance  matching  to  better  match  the  on-state  mixer  resistance  to  the  impedance  of  a 
50-0  circuit,  it  is  possible  to  obtain  efficient  mixer  operation  even  at  relatively  low  light  levels 
as  long  as  a’  is  small  in  comparison  to  the  cutoff  frequency  u>c>  Impedance  matching  usually 
imposes  a  reduction  in  the  fractional  HP  bandwidth  over  which  the  mixer  is  useful.  However, 
in  many  applications,  this  bandwidth  narrowing  would  be  of  relatively  little  consequence. 


TABLE  M 

PROJECTED  PERFORMANCE  OF  IMPEDANCE-MATCHED 
InP  OPTOELECTRONIC  MIXERS 


Photoconductive 

Lifetime  (ps) 

1000 

50 

10 

1 

Maximum  Operating 
Frequency  (GHz) 

0.16 

3.2 

16 

160 

Minimum  Feature 

Size  1  (pm) 

2 

1 

0.5 

0.25 

Capacitance  (fF) 

5 

10 

20 

40 

On-State  Resistance 
(ohms)  for 
u  -  0.  1  (J 

c 

20  >  103 

500 

50 

2.5 

Required  Laser 

Power  (mW) 

_ i 

0.0015 

0.3 

3.75 

188 

Device  area  =  20  >  20  pm 

2 

Electron  mobility  =  4000  cm  /V-s 


Performance  anticipated  for  optoelectronic  mixers  over  a  wide  range  of  frequencies  is  sum¬ 
marized  in  Table  l-i.  A  primary  parameter  is  the  photoconductive  lifetime  in  InP.  The  first 
two  columns  cover  the  range  of  photaconductive  lifetimes  that  have  been  observed  to  date,  and 
the  final  two  columns  indicate  what  could  be  achieved  if  the  lifetime  could  be  further  reduced. 

For  each  case,  the  maximum  frequency  is  inversely  proportional  to  the  lifetime.  The  minimum 
feature  sizes  shown  are  representative  of  current  state  of  the  art  in  the  first  two  columns  and 
of  straightforward  development  in  the  last  two  columns.  For  good  switch  and  mixer  perfor¬ 
mance,  it  is  desirable  that  the  device  on-state  resistance  he  less  than  one-tenth  of  the  off-state 
impedance,  or  o<piivalently  ur  >  10  u-.  This  criterion  establishes  the  maximum  on-state 


<• 


resistances  and  thus  the  minimum  required  iaser  powers.  It  is  assumed  that  impedance  match¬ 
ing  can  be  employed  to  match  the  mixer  to  the  surrounding  circuitry.  The  power  levels  in  the 
first  three  columns  are  well  within  the  state  of  the  art  of  current  diode  lasers. 

A.  G.  Koyt 

F.  .1.  Leonberger 

K.  C.  Williamson 
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II.  QEANTHM  ELECTRONICS 


A.  STLDY  OF  FEASIBILITY  OF  I.ASF.R  REMOTE  SENSING 

OF  HYDRAZINE,  MONOMETII YIJI YDRAZINE,  AND 

ENSYMMETRICAI.  DIMET11YLI1  YDRAZINE 

The  suitability  of  the  dual-CO^  laser  differential-absorption  L1I1AR  (DIAL)  system1  for  the 
remote  sensing  of  hydrazine,  unsynimetrical  dimcthylhydrazine  (I'DMII),  and  monomethylhy- 
drazine  (MM11)  is  being  investigated;  hydrazine,  I'DMII,  and  MMH  are  used  as  aircraft  and  mis¬ 
sile  propellants.  The  initial  phase  of  this  effort  involved  (a)  the  determination  of  the  appropri¬ 
ate  CO  laser  transitions  for  the  remote  sensing  of  the  hydrazine  compounds,  (b)  theoretical 
estimates  of  the  expected  detection  sensitivity  as  a  function  of  range  for  .’emote  sensing  mea¬ 
surements  with  the  system,  and  |r)  laboratory  measurements  and  verification  of  the  differential- 
absorption  coefficients  of  the  compounds. 

1.  Choice  of  Transition  Lines  for  Differential- Absorption 

The  choice  of  CO,  laser  frequencies  to  be  used  for  remote  sensing  of  the  hydrazines  in- 

‘  '  2 
eluded  consideration  of  (a)  those  CO^  frequencies  obtainable  with  the  mini-TEA  CO^  lasers, 

lb!  the  differential-absorption  of  the  hvdrazine  compounds  at  these  frequencies,  as  taken  from 

!  4 

the  measurements  of  Loper  et  ah,  and  (cl  the  atmospheric  transmission  and  interference  from 
other  atmospheric  species  such  as  ammonia  and  ethylene'’’^  at  the  chosen  frequencies. 

Bv  using  the  above  criteria,  CO,  laser  frequencies  were  chosen  to  yield  as  large  a  differ¬ 
ential  absorption  as  possible  consistent  with  minimal  interference  effects  from  either  ammonia 
or  ethylene.  While  it  is  desirable  to  choose  the  frequency  pairs  close  together  in  order  to  maxi¬ 
mize  the  mutual  .’hcrenee  of  the  two  laser  beams,  this  proved  difficult  to  achieve  for  both  I'DMII 
and  MMH.  The  explicit  frequency  choices  along  with  the  pertinent  absorption  parameters  are 
given  in  Table  II  - 1 . 


2.  Remote  Sensing  Detection  Sensitivity  of  Hydrazine  Compounds 

In  general,  one  of  two  possible  approaches  is  usually  taken  to  determine  the  minimum  con¬ 
centration,  n  .  ,  of  a  trace  species  as  a  function  of  range,  R.  The  first  establishes  the  limita- 
’  min 

tion  by  setting  the  difference  in  the  backscattored  return  at  the  two  frequencies  equal  to  the  noise 
signal.  The  second  approach  assumes  a  limitation  in  the  ability  to  distinguish  changes  below 
some  predetermined  value  in  the  difference  between  the  return  signals  Ql’  i  at  the  two  fre¬ 
quencies.  The  effects  of  both  limitations  have  been  considered  for  each  of  the  hydrazines.  The 
basis  for  the  calculations  have  been  given  previously  and  will  not  he  repeated  here. 

For  the  c  ase  in  which  the  difference  in  return  signals  is  set  equal  to  the  noise  signal,  it 
may  he  shown  that  n  .  ,  expressed  directly  in  parts  per  billion,  is  given  hv 


i  ppbt 
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So  exp  1-2. ill! 
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where  R  is  the  range  in  km.  So  is  the  difference  in  the  molecular  absorption  coefficients  of 

the  trace  species  at  ttie  two  I.1DAR  wavelengths  in  units  or  (cm-atm)  *  and  ,1  is  the  atmospheric 

extinction  coefficient  in  km  '.  In  deriving  Kq.  (11-1)  use  was  made  of  parameter  values  appro- 

_  ^  2 
priate  to  the  DIAL  system,  including  a  noise  signal  of  ?  x  10  W,  a  receiver  area  of  600  cm  , 

5 

and  a  peak  pulse  power  of  10  W;  a  10-percent  system  efficiency  and  a  10-percent  topographic 
target  reflectivity  were  assumed. 
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TABLE  ll-l 

RELEVANT  ABSORPTION  PARAMETERS 

FOR  THE  REMOTE  SENSING  OF  THE  HYDRAZINES 

1 

Atmospheric* 

CO^  Laser 

Wavelength 

Absorption  Coefficients 

_  i 

Attenuation 

_| 

Transition 

(Mm) 

(cm-atm) 

P(Lni) 

NH  t 

C„H  t 

Hydrazine 

3 

2  4 

(a)  (b) 

P  (22 ) 

10.611 

5.27  5.4! 

0.045 

1.09 

0. 1142 

P  (28) 

10.675 

2.26  2.17 

0.36 

1.30 

0.0976 

Differentia! 

3.01  3.24 

-0.315 

-0.21 

Absorption 

NH, 

C,  H 

UDMH 

3 

2  4 

P  (30 ) 

10.696 

2.28  1.45 

0.86 

1.63 

0. 0907 

R(1 0) 

10.318 

0.11  0.05 

0.78 

1.51 

0.  1142 

Differential 

2.17  1.40 

0.06 

0.  12 

Absorption 

■ 

NH, 

C,H . 

MM  H 

3 

2  4 

R(30) 

1 0. 1 82 

1.32  1.36 

0.029 

0.56 

0.  H37 

R(1 8) 

9.282 

0.29  0.23 

0.13 

0.61 

0.  1418 

Differential 

1.03  1.13 

-0. 10 

-0.05 

Absorption 

fa)  This  work 

_ 

(b)  Reference 

3 

*  Reference  4 

t  Reference  5 
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Under  high  signal -to -noise  conditions,  such  as  occur  at  relatively  short  ranges,  a  more 

valid  approach  is  to  establish  the  minimum  relative  difference  in  the  two  differential -absorption 

! .IDAIt  returns  (AP  /P  )  that  can  be  measured.  Assuming  that  value  to  be  i  percent  leads  to  a 
1  1  7 

minimum  detectable  concentration  of 


n 

nun 


(Pi'b) 


50 

A<r  K 


(11-2) 


With  the  use  of  Kqs.  (11-1)  and  (-2)  and  the  appropriate  values  of  Aa  and  3,  as  given  in 
Table  II  —  1 ,  the  minimum  detectable  concentrations  of  the  hydrazine-related  molecules  have 
been  determined  as  a  function  of  range  for  a  single  pulse  pair.  The  results  are  given  in  Fig.  [[-1, 
which  indicate  that  remote  sensing  of  these  molecules  in  concentrations  of  the  order  of  10  to 
100  ppb  is  feasible  at  ranges  up  to  5  km.  These  results  are  subject  to  further  improvement  by 
averaging  over  several  pulses. 


RANGE  I  km) 


Fig.  11  —  1.  Minimum  detectable  average  concentrations  of  hydrazine, 
unsymmetrical  dimethylhydrazine  (i'I)Mtn,  and  monomethylhydrazine 
(M.MI1)  by  topographic  reflection  as  a  function  of  range  using  a  single 
10 -m. I,  100 -ns  laser  pulse. 


3.  Laboratory  Absorption  Measurements  of  Hydrazine  Compounds 

Absorption  measurements  of  the  hydrazines  for  the  chosen  frequency  pairs  were  carried 
out  in  the  laboratory  using  the  dual-laser  DIAL  system.  The  measurements  involved  firing  the 
first  laser  at  the  on-resonance  CX)  laser  frequency  followed  50  gs  later  by  the  second  laser 
firing  at  the  off-resonance  frequency.  After  passage  through  a  beam  splitter,  both  laser  beams 
followed  identical  paths  through  an  absorption  cell  containing  eitherair  or  nitrogen  at  atmospheric 


pressure.  After  establishing  the  100-peroent  transmittance  level  of  the  normalized  laser  beams 
bv  averaging  over  1000  pulses,  a  known  volume  of  a  hydrazine-related  compound  in  liquid  form 
was  inserted  into  the  cell  and  the  laser  beam  transmittance  measured  as  a  function  of  time.  Ini¬ 
tial  values  of  the  relative  transmittance  were  taken  for  every  100  pulses;  after  the  rate  of  change 
declined,  values  were  taken  of  the  average  of  500  pulses  from  each  laser. 

The  measurements  in  a  nitrogen  atmosphere  were  made  to  determine  if  the  calculated  re¬ 
sults  given  above,  which  were  based  on  measurements  by  Loper  et  al_.  using  a  low-pressure 
C'W  CO,  laser,  are  applicable  to  absorption  measurements  taken  with  a  pulsed  CO,  TKA  laser 
operating  at  atmospheric  pressure.  The  results  are  shown  in  Figs.  11-2,  11-4,  and  11-6,  and  the 
absorption  coefficients  obtained  from  these  measurements  are  given  in  Table  11-1.  The  values 

3 

for  hydrazine  and  MM11  agree  with  those  obtained  by  I.oper  et  aj_.,  but  the  present  values  are 
50  percent  higher  for  1DM11. 

8  9 

The  hydrazines  are  known  to  be  strongly  subject  to  oxidation  effects;  ’  therefore,  mea¬ 
surements  in  air  cannot  be  used  to  measure  absorption  coefficients.  However,  since  such  mea¬ 
surements  more  closely  simulate  the  effect  of  remote  sensing  of  these  molecules  in  the  open 
atmosphere,  they  served  to  establish  the  feasibility  of  accurately  following  the  changing  con¬ 
centration  and  to  uncover  additional  problems  which  will  be  encountered  in  attempting  to  deter¬ 
mine  hydrazine  concentrations  in  the  atmosphere.  The  optical  transmittance  through  the  air- 
filled  absorption  cell  as  a  function  of  time  after  insertion  of  the  hydrazine  compounds  is  given 
in  Figs.  11-3,  11-5,  and  II-7. 

Ilxperiments  are  planned  which  involve  placing  a  large  cell  containing  known  amounts  of 
hydrazine  compounds  between  the  laboratory  and  topographic  targets  at  2.5  km  in  order  to 
establish  the  ability  to  monitor  the  presence  of  these  compounds  over  distances  of  several  ki¬ 
lometers.  Calculations,  supported  by  the  results  discussed  here,  indicate  that  the  detection 
of  10  -  to  100-ppb  concentrations  over  ranges  of  a  few  kilometers  is  feasible. 

N.  Menyuk 
1).  K.  Killinger 

11.  Sl’KCTKAI .  I  .INFWIDTIl  MKASF  KKMKNTS  OF  AN  KXTKRNAl, -CAVITY 

SKMICONIH CTOH  DIODK  I, ASK  It 

Recently  the  operation  of  an  external-cavity  semiconductor  injection  laser  has  been  shown'® 
to  be  a  stable,  tunable,  single-frequency  source  suitable  for  spectroscopic  applications  beyond 
the  capabilities  attainable  using  a  monolithic  semiconductor  laser.*  The  external-cavity  diode 
laser  is  composed  of  an  Alt-coated  double-heterostructure  GaAlAs  laser  diode  positioned  be¬ 
tween  a  pair  of  Alt-coated  lenses  which  collect  and  collimate  the  diode  radiation  onto  a  first- 
order  I.ittrow-configuration  diffraction  grating  reflector  atone  end  of  the  cavity  and  onto  a 
partially  reflecting  dielectric  mirror  at  the  other  end  of  the  cavity.  The  laser  cavity  oscillates 
in  a  single  longitudinal  mode  tunable  over  a  tO-nni  spectral  range  with  output  powers  up  to  5mW. 
Measurements  of  the  mode  spectral  width  using  a  high-resolution  scanning  Fab ry- Pe rot  inter¬ 
ferometer  show  an  instrument-limited  spectral  linewidth  of  3.5  MHz  with  a  frequency  jitter  of 
500  kHz  rms. 

Kxtrapolation  of  the  typical  spectral  linewidth  from  a  monolithic  diode  laser  leads  to  esti¬ 
mates  of  a  few  hundred  hertz  (at  the  output  powers  available)  for  the  linewidth  of  the  external- 
cavity  laser.  In  order  to  accurately  determine  the  spectral  linewidth,  two  external -cavity  diode 
lasers  were  tuned  to  within  1  GHz  with  the  aid  of  a  high-resolution  spectrometer  and  a  scanning 
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Kip.  1 1  -2 .  Time  variation  of  relative  transmittance  of  10.6-gm  P(22) 
and  10.7-p.m  P(28)  radiation  through  absorption  cell  containing  nitrogen 
after  inserting  1.6  ni  of  liquid  hydrazine. 


TIME  (mlrO 


Fig.  II - 3 .  Time  variation  of  relative  transmittance  of  10.6-pm  l’(22) 
and  10.7 -gm  P(28)  radiation  through  absorption  cell  containing  air  after 
insertion  of  0.9  and  7.6  q/  of  liquid  hydrazine. 


i  i  i  I  i  j  i  ..j  :  i  .l  ._i_  i  1 — i i i i l l  — i i i 

TiMl  in.  n) 

Kiji.  [|-4.  Time  variation  of  relative  transmission  of  10.2-um  U  ( 30) 
and  t.lnni  U<  t  8)  radiation  through  absorption  cell  containing  nitrogen 
after  inserting  °  pf  of  liquid  MMII. 


I'ig.  II-5.  Time  variation  of  relative  transmission  of  10.2-nm  K(  30)  and  9.3-pni  K(  1  H) 
radiation  through  absorption  cell  containing  air  after  inserting  0  pf  of  liquid  MMH. 
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I’ij*.  11-6.  Tin  o  variation  of  relative  tr  ansmission  of  10.7-jiin  1  M  *0) 
and  10.  l-n?r.  K<10)  radiation  through  absorption  roll  containing  nitro¬ 
gen  after  inserting  <l  n  f  of  liquid  l  DM  11. 
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Fig.  II-8.  A  heterodyne  beat  spectrum 
of  two  external -cavity  diode  lasers  with 
0.4-  and  0.34-mW  output  powers. 


F  abry- He  rot  interferometer.  A  heterodyne  beat  spectrum  of  the  lasers  could  then  be  taken  by 
mixing  their  outputs  on  a  fast  avalanche  photodiode.  Figure  11-8  shows  an  instrument-limited 
heterodyne  spectrum  of  30-kllz  width,  implying  a  single-laser  spectral  linewidth  of  less  than 
ts  kHz  (I.orentzian  lineshape).  Higher  resolution  measurements  were  precluded  because  of 
frequency  jitter  of  the  individual  lasers  during  the  spectrum  analyzer  scan. 

This  is  the  first  demonstration  that  an  external-cavity  (iaAlAs  semiconductor  diode  laser 
is  capable  of  operation  with  a  spectral  linewidth  less  than  13  kHz.  This  result  is  approximately 
an  order  of  magnitude  greater  than  the  theoretical  estimate  of  the  laser  linewidth  and  is  due  to 
acoustic  coupling  of  the  surrounding  environment  to  the  cavity  and  presumably  could  be  reduced 
by  acoustical  isolation.  ,,  Welford 

A.  Mooradian 

C.  NON  LINK  AH  SPKCTHOSGOPY  OF  SKMIC'ONDl  C  TOI1S 

Previously,  initial  results  were  reported'  ^  of  an  investigation  of  the  use  of  nonlinear  spec¬ 
troscopic  techniques  for  semiconductor  material  diagnostics.  Measurements  using  these  tech¬ 
niques  to  probe  hot-electron  dynamics  in  III  —  V  semiconductors  and  to  study  the  nonresonant 
third-order  nonlinear  susceptibilities  of  III — V  semiconductors  have  been  made.  The  measure¬ 
ments  were  carried  out  using  four-wave  mixing  techniques  in  which  two  input  laser  beams  at 
frequencies  w  (  and  are  spatially  and  temporally  overlapped  in  the  sample.  Nonlinear  mix¬ 
ing  in  the  sample  results  in  the  feneration  of  sidebands  at  Zee  j  -  and  -  igj  which  are 
monitored  as  a  function  of  the  frequency  difference  te  j  .  The  experimental  arrangement 
has  been  described  in  more  detail  previously.  Briefly,  two  laser  beams  at  wavelengths  near 
1  pm  (in  the  transparency  range  of  GaAs  and  inP)  are  generated  by  a  flash-lamp-pumped 
Q-switched  1.06-pm  YAH  laser  and  by  Hainan  shifting  the  output  of  a  rhodamine  dye  laser 

pumped  by  the  second  harmonic  of  the  Y At  1  laser  in  a  high-prei  oure  11,  cell.  The  second  Stokes 

-1  -1 

output  of  the  Hainan  cell  is  tunable  from  >350  cm  to  -400  cm  around  the  1.06-pm  YAG  out¬ 
put  by  tuning  the  dye  laser. 

The  dynamics  of  hot-electron  relaxation  in  GaAs  and  InP  are  crucial  to  the  operation  of 
high-frequency  transferred-electron  (TIC)  semiconductor  devices  such  as  Gunn  oscillators.  ' 
These  devices  depend  upon  the  variation  of  an  electron's  mass  and  mobility  between  the  central 
valley  at  the  bottom  of  the  conduction  band  and  higher  minima  along  the  L  and  X  crystallo¬ 
graphic  directions.  High-frequency  operation  of  these  devices  is  limited  In  the  relaxation  of 


18 


hot  electrons  from  these  upper  valleys  hack  to  the  lattice  temperature  in  the  central  minimum. 

Notwithstanding  the  importance  of  the  relaxation  process  to  the  operation  of  TK  devices,  only 

1 4 

very  limited  experimental  information  has  been  reported  because  of  a  lack  nf  suitable  experi¬ 
mental  techniques. 

The  four-wave  mixing  experiment  reported  here  gives  a  direct  measure  of  this  relaxation 
time.  I’honon-assisted  optical  transitions  between  the  r  and  X  minima  have  been  observed 
in  both  (iaAs  (lief.  IS)  and  InR  (Kef.  16).  Hot  electrons  are  expected'^  to  relax  quickly  to  the 
lowest  noncentral  valley  II.  minimum);  relaxation  from  this  valley  back  to  the  bottom  of  the  F 
minimum  is  the  rate-limiting  step  in  the  overall  relaxation  process.  Because  of  the  large  dif¬ 
ference  in  the  electron  masses  between  the  bottom  of  tbe  r  minimum  and  the  upper  sections  of 
the  conduction  band,  an  electron  makes  very  different  contributions  to  the  medium  polarizability 
depending  upon  its  position  within  the  band.  Tliis  mechanism  has  previously  been  shown' ^  to 
lead  to  a  contribution  to  tbe  third-order  nonlinear  susceptibility  This  previous  calculation 

was  for  a  degenerate  case  where  all  frequencies  were  the  same;  extending  the  result  to  the  case 
of  two-frequency  excitation  gives 
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where  x i'hV] nd  's  ">e  ''‘lckground  nonlinearity  of  the  bound  electrons,  a  is  the  absorption  cross 
section,  \  the  electron  density,  T  the  hot-electron  relaxation  time,  and  nij.  and  nij  the  re¬ 
spective  electron  masses.  Itj.  and  Rj  are  resonance  enhancement  factors  given  by 


i  i  =  1  ,  I.) 


(11-1) 


w  here  i  |  is  the  q>nropriate  electronic  energy  above  the  valence  band.  These  resonance  factors 
also  lead  to  a  dei  tease  it  the  electronic  |>olari/ahility  in  the  upper  valleys  as  compared  with 
the  ecu teal  vailev.  Mea.-auct  ci  ts  of  the  frequency  response  of  the  four-wave  mixing  signal 
t  ’  '  , '  1  “)  can  th  .>  b<-  ••■!  to  evaluate  the  relaxation  time  T.  The  results  of  this  measure¬ 
ment  are  dto a  t  for  t  l  10  1  (  m  '  i.-tviie  (la As  sample  in  l-’ig.  II -°  and  for  a  3.7  x  10*  8  cm 

i.-tvpe  It. I’  -at:  pie  it:  Fig.  11-10.  For  low  concent  ration  samples,  the  contribution  due  to 

the  elet  . .  n-tervallev  processes  is  masked  bv  the  background  susceptibility,  and  no  spectral 

structure  was  observed.  For  the  two  spectra,  the  solid  curves  are  least-squares  fits  of  Kq.dI-3) 
to  the  data  and  me  an  energy  relaxation  time  of  4'  -  b  x  10  '  s  for  1  iaAs  and  T  =  .3  X  1 0  s  for 
Ini’.  The  more  rapid  hot-electron  cooling  in  Ini’  is  expected  *  '  because  of  the  higher  1.0  phonon 
energy  and  greater  ionn  itv  m  this  material.  The  relative  values  are  consistent  with  the  ob¬ 
served  utoff  frequen  ies  of  I  F  devices  m  these  two  materials. 

Fie  i ted  i:  ease  cements  of  the  temperature  dependences  of  these  relaxation  times  have  been 
carried  out.  At  a  lattice  temperature  of  4  30  K,  the  (IaAs  relaxation  time  has  decreased  to 
~n  x  in  *  s.  More  extensive  measurements  over  a  broader  temperature  range  are  presently 
unde r  w  a v. 

\t.  understanding  of  the  background  \*  *  contribution  to  tile  four-wave  mixing  process  is 
i  learlv  in  poi  tant.  If  this  contribution  could  be  reduced  bv  a  judicious  choice  of  experimental 
parameters,  it  would  allow  measurement  of  the  relaxation  times  over  a  wider  parameter  range. 
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In  addition,  in  a  recent  publication,  Kupocek  et  a_L  have  reported  CARS  spectra  of  the 
1.0  phonon  in  liaAs  similar  to  those  in  our  previous  report.*^  In  their  analysis  they  assumed  a 
background  pmportional  to  the  free-rarrier  concentration  and  used  the  interference  between 
the  background  and  phonon  contributions  to  ^  to  obtain  a  measurement  of  the  carrier  concen¬ 
tration,  We  have  measured  the  off-resonance  (at  -  lc ^  ~  100  cm  S  background  susceptibility 
in  a  wide  range  of  (laAs  materials  ranging  from  semi-insulating  Cr-doped  to  heavily  doped 
t  — 10  cm  )  n-  and  p-tvpe  wafers.  'Hie  variation  in  the  background  .  u.’ceptibi lity  was  less 
than  ZO  percent  over  this  entire  parameter  range.  Thus,  the  reported  interference  technique 
does  not  provide  a  suitably  sensiti\e  technique  for  monitoring  electron  concentrations.  Mea¬ 
surements  and  analysis  are  eurrently  under  way  to  provide  a  more  complete  understanding  of 
the  background  susceptibility  contributions  as  they  are  important  for  all  types  of  nonlinear 
optical  measurements.  , 

r  S.  it.  L  Uriicck 
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III.  MATERIALS  UK  Si:  ARC  II 


A.  GaAs  SIIAU.OW-IIOMO.ll  NC TION  SOLAR  CKI.I.S  ON  K1MTAX1AI.  Co  CROWN 
ON  Si  SI  RSTRATKS 

1-4 

We  have  previously  reported  the  fabrication  of  single-crystal  GaAs  slia llow -homoju notion 
solar  cells  that  have  conversion  efficiencies  exceeding  20°:  (AM1I.  These  cells  employ  an 
n  'p/p  structure  prepared  by  chemical  vapor  deposition  ICVDI  on  either  CaAs  or  Ce  substrates. 
This  report  describes  the  fabrication  of  CaAs  shallow -homojunction  solar  cells,  with  conversion 
efficiencies  of  12":  (AMI),  prepared  from  GaAs  epilayers  grown  on  Ge/Si  single-crystal  sub¬ 
strates.  These  are  the  first  reported  GaAs  devices  fabricated  on  Si  substrates. 

Our  primary  motivation  for  investigating  Si  as  a  substrate  material  has  been  to  lower  the 
cost  and  weight  of  efficient  GaAs  solar  cells.  A  major  reduction  in  cost  would  be  achieved  if 
such  i  ells  could  be  produced  either  on  inexpensive  Si  sheets  currently  being  developed  for  low- 
cost  Si  cells'’  or  on  thin  Si  films  (  1  pm)  being  investigated  for  integrated  circuit  use/’  However, 

previous  attempts  to  grow  GaAs  epilayers  directly  on  Si  by  CVI)  have  been  largely  unsuccessful 

3  4 

because  of  difficulties  in  nucleation.  As  previously  proposed,  ’  we  have  overcome  these  diffi¬ 
culties  by  coating  Si  substrates  with  a  thin  epitaxial  film  of  Ge  before  GaAs  deposition.  Since 
Ge  and  GaAs  have  almost  the  same  lattice  constant  (about  4  percent  greater  than  that  of  Si',  this 
procedure  also  has  the  advantage  of  locating  the  lattice  mismatch  at  the  Ge-Si  interface,  away 
from  the  GaAs  layer. 

l'he  crystalline  quality  of  the  GaAs  layers  depends  strongly  on  the  quality  of  the  Ge  lavers. 

7 

Of  several  preparation  techniques  that  were  investigated,  vac  uum  evaporation  was  found  to 

yield  the  best  Ge  layers.  In  this  technique,  a  p  Si  substrate  oriented  Z'  off  (100)  towards  1 1 1 0 )• 

is  maintained  at  a  temperature  of  550  "C  while  the  Ge  is  deposited  to  a  thickness  of  0.1  to 

0.2  pm  in  about  2  min.  The  Go  films  have  mirror-smooth  surfaces  and  have  been  shown  to  be 

epitaxial  by  electron  and  x-ra.v  diffraction  techniques.  Transmission  electron  microscopy  |TKM) 

of  the  films  rev  ealed  microtwins  and  a  dense  network  of  misfit  dislocations  ( —  1 0 *  '  cm  *" )  at  the 

o  _2 

Ge-Si  interlace.  In  the  Ge  films  the  dislocation  density  is  -10  cm 

Kpitaxial  GaAs  layers  were  deposited  in  an  As(  1  -GaAs  - 1 I,  system*  at  <.K0C  ('  on  the  Ge- 
coated  Si  substrates.  Karli  layer  consists  of  u  <S,  4  '•  10*,S  cm  *),  p  i/.ii,  1  v  10**  cm'*),  and 

P  1  ft  -  i 

p  iZn,  K  X  10  cm  )  regions  that  are  respectively  0.1  a,  2.0,  and  4  to  12  pm  thic  k.  A 
secondary-electron  micrograph  of  a  cleaved  and  stained  GaAs  shallow -homojunetion  structure 
grown  on  Ge-eoated  Si  is  shown  in  |ig.  1 1 1  - 1 .  Ihc  surface  is  mirror  smooth,  although  the  GaAs 
layers  contain  a  few  cracks  parallel  to  !llO|  cleavage  planes.  Ion  channeling  measurements 
show  that  these  layers  are  of  excellen'  crystal  quality,  figure  111-2  is  a  2-lWeV  He  ion  chan¬ 
neling  spectrum  of  an  K-pm  GaAs  lay-.r  on  a  Ge-eoated  Si  substrate.  The  minimum  surface 
yield  is  4  percent,  repeal  to  the  value  for  epilayers  on  GaAs  substrates.  TKM  observations 

cndi<  ate  that  there  are  no  mic  rotwins  in  the  GaAs  lavers.  and  that  the  dislocation  density  is 
7-> 

about  10  cm  ,  two  orders  of  magnitude  lower  than  the  density  in  the  Ge  films. 

l’he  fabrication  techniques  used  for  the  solar  cells  were  similar  to  those  used  for  GaAs 
cells  on  single-crystal  Ge  substrates.^  The  thickness  of  the  n*  layer  was  reduced  from  its 
initial  value  of  1500  A  to  about  500  A  by  alternating  anodic  oxidation  and  oxide  removal  steps. 

The  last  of  these1  steps  was  an  anodization  that  formed  an  oxide  layer  about  850  A  thick  to  serve 
as  an  anti  reflection  coating.  The  cell  areas  ranged  from  0.2  to  0.3  mm^. 
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I'iK-  HI-1.  Secondary-electron  mic roeraph  of  an  s-win-thick  tiaAs  shallow -hoiuojunction 
structure  yi-own  on  a  Ge-rnated  Si  substrate.  The  cleaved  and  prefcrentiallv  etched 
sample  was  tilted  -IS’  to  allow  both  the  upper  (la  As  surface  and  the  cleaved  e  title  to  he 
seen. 
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t-'iu.  111-2.  He  ion  char.neline 
spectrum.  for  an  epitaxial  (in As 
layer  erown  by  C ' \  1 )  on  a  Ge- 
i  oated  Si  substrate. 
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EFFICIENCY  (AMI)  1 1  7  percent 

Kin.  II J  —  5.  I  ’hotocu  rrent  (at  AMI)  as  a  function  of  voltaic 
for’  a  ClaAs  roll  on  (be-eoated  Si. 

figure  III-}  shows  the  current-voltage  curve  obtained  under  simulated  AMI  illumination 
at  room  temperature  for  the  best  ''d-mm1*  ClaAs  cell  on  (le-eoated  Si.  file  open-circuit  volt- 
aye  Y  is  0.7t  Y,  tile  short-circuit  current  deiisitv  .1  is  2-I.-1  nu\A'n/  (not  corrected  for 

Or  Sc 

contact  finger  area),  and  the  fill  factor  is  O.t  J,  giving  a  measured  efficiency  of  11.7,rt  (AMI). 

Iti  lompnnsc’i.  our  best  cells  on  sine le-ervstal  (Sc  and  ClaAs  substrates  have  \  of  0.0U  Y, 

>  oc 

.1  of  2S  m A  Vnr.  and  fill  factor  of  0. sj  at  A  Mi  (Kef.  2). 

Ihe  external  quantum  eftieienev  of  the  cell  of  ]•  ig.  Ill-}  is  plotted  as  a  function  of  wavelength 
in  I  ig.  111-1,  along  with  values  for  one  of  our  best  cells  on  a  ClaAs  substrate.  The  efficiency 
values  tor  the  >  ell  of  l  ig.  Ill-}  arc  the  same  at  wavelengths  up  to  0.7  ^m  and  only  10  to  20  per¬ 
cent  lower  at  tile  longer  w  a .  (‘lengths.  Ihe  relative  decrease  at  the  longer  wavelengths  indicates 
a  snorter  •*!*:•■«  ti.c  mimritv  carrier  diffusion  length  in  the  p  region.*'  Recombination  at  dis- 
Io»  a  til'!:-,  prohnhlv  contributes  to  this  shorter  diffusion  length,  since  images  of  the  cell  of 
l  ib  ill-  '  obt aiu*-  i  bv  the  electron  beam  induced  current  i  K Bit  )  tecliniqtie  ( 1  'ig.  II 1  - S )  contain 
!  irk  spots  nr  I  hues  that  have  the  same  density  and  morphology  as  the  dislocations  identified 
h\  1  I'M. 

i"  i  u .  *>ti::'te  the  lio  h-  properties  of  the  junction  in  the  cell  of  1  ig.  Ill  -  } ,  the  dependence 

n'  '  •  •  t*  ;  lor  the  eontai  t  finger  area*  on  \  was  determined  bv  measurements  at  dif- 

Oc 

!•  u  t  i ! !  .  u  i-  .?  i mu  .  els  up  to  about  1 r'  suns,  with  the  cell  mounted  on  a  copper  blni  ,s  main- 

I  hu*  :  *t  .!  '  (  .  I" ne  1 1 ode  factor  and  saturation  current  density  were  determined  to  be  1.7  and 

1  •  l  1  \  r  T  vspeeti .  el  v.  l  lies*-  values  indicate  that  the  reductions  in  Y  and  fill  factor 

oc 

<!•  tie  r«-sult  oj  i :  .  reuse. l  leakage  cur  rent  at  the  junction. 

I  i.  Ill-f  i-  a  s« -hematic  diagram  summarizing  the  dislocation  densities  determined  by 
•  i  •  i  bn-  t j -  i  • . i  A <!••  Si  structure.  Misfit  dislocations  generated  at  tlie  (ie-Si  interface  result 
n  tur  -  a  u !  .•  iisl>*  ition  -  that  propagate  up  through  the  <  le  film.  Tin*  (SaAs-de  interface  acts  as 
u  !,Huie»  to  t : . e . ; .  hs|o«  ntmus,  the  majority  of  winch  bend  over  and  become  part  of  a  vlislocation 
u-t/'H*.  iT  tur-.  e  i  * » : .  !  rrierTa.  *  ,  w  iu*  re  t  he  m  i  smah  h  i  s  a  bout  0.1  percent.  Ihe  reduced  June - 
ti-’i  ;  .a  lit.  •*:  t ! i •  •  solar  *  < -II.-*  ou  (i*--*  oatc  i  Si  substrates,  which  is  the  reason  for  their  lower 
' ;  e  •  .  .  *  ;  pi .  *i>  dd  .  :  j*-  to  ill.-  j»resei.e*-  ol  lislot  ations  .it  tue  junetior..  I’ he  dislocations  may 
a  t  n-  I  *  «»:•  bir.aiio*  .  enter.,,  in*  reasin;'  the  junction  leakage  i  uri’ent  and  thus  lowering  the 
.  ' !  ■  •  •  ‘or  .  .hi-  i  t’i  1 1  ta»  tor  .  I  hi effe<  t  ma  >  lie  eon ; pound e  I  li  v  the  bending,  ocr  of  iislo<  a  - 
‘er  at  *>:  ••-.it  in*  i!i!i  ti-M..  as  u,  I'.KU  and  11. M  lun  rogmphs.  \  mpro-,  ement  in  junction 

u  vi ! 1 1  •  ■  ■  «  .  in*  r*  ? . •  I *. •  a.  1 1 1 * • .  e  I  l *\  iv.ln,  i  rig  tin-  nv  era  1 1  * h s location  density  in  the  (da  As  or  bv 

P',,.*rtiU{  u  sin,  atior.s  from  bending  pa  ra  1 1  el  to  tlie  jure  ti  on. 


l’’ifj.  111-4.  I'.xte rna  1  quantum  efficiency  as 
a  function  of  wavelength  for  the  cell  of 
l*'ijl.  111-5  (solid  line)  and  for  one  of  our 
best  cells  on  a  ( 1  a  As  substrate  (dashed 
line). 
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Kij*.  Ill"'’*  KBU*  micrograph  of  a  sec  tion  of  the  cell  of  Kiy.  1)1-5 
showing  recombination  at  dislocations  (short  dark  linos)  and  a 
crack  in  the  epi  layer  (vertical  dark  line),  Kxeitation  was  with 
tO-keV  electrons. 
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Fig.  111-6.  Schematic  of  the  Ga.As/Ge/Si  \ 
cross  section  summarizing  the  disloca-  ( 
tion  densities  measured  l>v  TKM.  j 
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A  second  characteristic  of  the  GaAs  layers  is  tile  presence  of  cracks,  whicli  are  formed 
because  the  linear  thermal  expansion  coefficient  of  GaAs  is  roughly  twice  that  of  Si,  so  that 
tlie  layers  are  placed  under  tensile  stress  by  the  substrate  during  cooling  from  the  growth  tem¬ 
perature.  The  most  serious  effect  of  the  cracks  occurs  during  the  cell  fabrication  procedure. 
The  junction  will  be  shunted  if  p-Ga.As  exposed  by  a  crack  is  electroplated  with  Sn  during  for¬ 
mation  of  the  upper  contact  to  the  n  region.  This  apparently  occurred  for  several  cells.  How- 
ever,  many  of  the  9.3-mm  cells  with  good  photovoltaic  properties,  including  the  cell  of 
fig.  Ill-  3,  had  one  or  more  cracks  crossing  the  mesa.  Since  the  best  of  these  cells  had  values 

of  V  as  high  as  those  for  devices  without  cracks,  the  cracks  may  not  have  a  Significant  effect 

oc  p' 

on  V  .  In  addition,  KB1C  results  indicate  that  ,1  is  not  reduced  by  proximity  to  a  crack, 
oc  sc 

For  the  GaAs  solar  cells  fabricated  on  Ge-coated  Si  substrates,  the  ,1  values  are  only 
slightly  below  the  values  for  our  best  cells  on  GaAs  and  Ge  substrates.  Higher  values  of  V 
and  fill  factor  will  require  improved  junction  characteristics,  which  we  expect  to  achieve  by 
further  development  of  the  technique  for  epitaxial  growth  of  GaAs  on  Si. 

11.  F.  Gale  F.  M.  Davis 

H-Y.  1'saur  G.  W.  Turner 

.1.  I '.  C.  Fan 


H.  (A  TIIOIXM.FMINKSCKNCK  ANAI.YSIS  OF  I  ’Ol .  Y(  II YSTAI  .1 .1  N  K  GaAs 

The  utilization  of  polvcrvstalline  GaAs  for  low-cost  solar  cells  is  not  yet  practical  because 
the  grain  boundaries  (GBs)  in  this  material  have  adverse  effects  on  device  performance.  With 
the  objective  of  developing  procedures  to  reduce  these  effects,  we  are  investigating  localized 
variations  in  the  optoelectronic  properties  of  polycrystalline  GaAs  associated  with  GBs  and  the 
effect  of  these  variations  on  the  performance  of  devices  fabricated  in  polycrystalline  GaAs.  In 
an  earlier  study  we  demonstrated  the  effectiveness  of  infrared  electroluminescence  imaging 
for  qualitative  characterization  of  individual  GBs  in  heavily  doped  GaAs.  In  this  report  we  de¬ 
scribe  the  application  of  cathodoluminesccnce  (Cl,)  analysis  to  polycrystalline  GaAs.  Bv  col¬ 
lecting  the  cl.  emitted  from  a  semiconductor  specimen  excited  by  the  electron  beam  of  a  scan¬ 
ning  electron  microscope  (SFM),  Cl.  analysis  permits  nondestructive  evaluation  of  potential 
materials  for  photovoltaic  devices  without  the  necessity  for  charge -separating  junctions  or 
ohmic  contai  ts.  This  technique  can  be  used  for  local  measurements  of  carrier  concentration 
and  diffusion  length  with  spatial  resolution  of  the  order  of  1  pm,  as  well  as  for  the  imaging  ol 
spatial  variations  in  radiative  recombination  by  means  of  scanning  Cl.  microscopy  (SCM).  The 
observation  of  GBs  in  GaAs  by  SCM  has  recently  been  reported  by  Mol’herson  et  ah,  but  these 
workers  made  no  detailed  study  of  the  Cl.  properties. 
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The  material  examined  in  this  study  was  heavily  /.n-doped  (p  ~  10  cm  ),  Bridgman- 
grown  polycrystalline  GaAs.  Interest  in  this  particular  material  was  prompted  by  its  use  as 
the  substrate  for  13%  (AMI'  efficient  shallow-homojunction  solar  cells  prepared  by  chemical 
vapor  deposition.** 

Slices  of  GaAs  were  lapped  and  polished  to  a  thickness  of  125  pm  arid  sawed  into  squares 
2.5  mm  on  a  side.  Samples  containing  GBs  with  various  surface  morphologies  were  selected 
for  SC'M  analysis.  All  experiments  were  performed  witli  the  sample  at  ambient  temperature 
in  an  SKM  capable  of  supplying  accelerating  potentials  ranging  from  0  to  50  kV.  lire  C  l.  col¬ 
lection  is  accomplished  with  an  optical  microscope  whose  objective  lens  is  coaxial  with  the 
incident  electron  beam.  SC'M  imaging  is  accomplished  by  replacing  the  microscope  eyepiece 
with  a  photomultiplier  assembly,  while  spectral  analysis  is  performed  by  directing  the  light 
onto  a  grating  spectrometer  with  a  resolution  of  1  nm.  All  SC'M  and  SKM  images  presented 
here  were  taken  with  a  30-  or  35-kcV  electron  beam  at  normal  incidence.  Carrier  concentra¬ 
tion  determinations  were  made  bv  spot-mode  spectral  full-width-at-half-maximum  measure¬ 
ments  at  30  kV  using  the  data  of  Cusano.  Diffusion  lengths  were  determined  by  measuring 
the  Cl.  intensity  at  930  nm  as  a  function  of  accelerating  potential  from  15  to  50  kV  and  curve 
fitting  these  data  to  a  Cl.  spectral  theory  recently  developed  by  Vaughan. 

Figure  I II - 7  compares  SC'M  and  SKM  micrographs  of  the  same  sample  area  and  demon¬ 
strates  the  capability  of  SC'M  to  reveal  defects  not  visible  by  surface  microscopy  of  polished 
material.  We  have  found  that  GBs  can  show  three  different  types  of  Cl.  contrast.  These  are 
illustrated  in  the  SC'M  micrograph  of  Fig.  III-7,  where  boundary  A  exhibits  dark-line  contrast, 
boundary  B  is  slightly  brighter  than  the  surrounding  matrix,  and  the  two  boundaries  desig¬ 
nated  C  show  essentially  no  contrast,  except  for  irregularly  spaced  dark  spots  that  may  be 
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pi-i-i  ipitates.  Note  the  bright  regions  running  along  both  sides  of  boundary  A.  Most,  but  not 
all,  of  the  boundaries  appearing  as  dark  lines  showed  this  feature.  The  strong  dark  boundary 
to  the  upper  left  of  ('  does  not  appear  in  the  Sb.IU  image.  1'he  network  structure  at  the  upper 
left  of  the  Sl'M  micrograph  is  probably  a  dislocation  network,  perhaps  associated  with  a  sub- 
grain  boundarv. 

Several  additional  features  have  been  observed  by  SC'M  of  polvcrystalline  (laAs.  l-'irst, 

(Ills  with  similar  surface  morphologies  can  have  quite  different  (  I.  properties.  Phis  is  illus¬ 
trated  in  rig.  1 1 1  -  s .  where  boundary  A  shows  dark-line  t'l,  contrast  while  boundary  H  shows 
little  or  no  contrast,  although  their  SKM  images  are  similar.  Second,  anomalous  bright  areas 
appear  in  many  St M  images,  such  as  those  labeled  C  in  Fig.  lfI-9.  In  this  figure  they  are 
associated  with  boundaries  that  show  no  Cl.  contrast.  In  addition,  it  has  been  observed  that  the 
Cl.  properties  of  a  boundary  can  change  substantially  along  its  length.  The  following  results 
indicate  that  these  features  are  associated  with  variations  in  impurity  concentration. 

In  big.  Ill—'*,  the  prominent  curved  boundarv  displays  dark-line  contrast,  although  the  Cl. 
from  the  adjacent  bright  region  is  of  such  intensity  that  the  dark  line  is  barely  visible.  Carrier 
concentration  and  diffusion  length  were  measured  at  point  A  in  the  adjacent  bright  region  and 
at  point  11  located  AO  pm  further  into  the  grain.  At  A  the  carrier  concentration  is 
'*  v  10  '  cm  and  the  diffusion  length  is  1.-  pm,  while  at  11  the  respective  values  are 

pi  .1 

Z  x  10  cm  and  0.0  pm.  The  Cl.  intensity  vs  accelerating  potential  data  used  to  calculate 
these  diffusion  lengths  are  given  in  t  ig.  Hl-10. 

1'hese  results  suggest  that  dopant  impurities  are  depleted  from  the  bright  regions  border¬ 
ing  the  C.B  and  that  these  impurities  are  concentrated  at  tin-  till  itself.  Carrier  concentration 
and  diffusion  length  measurements  made  at  other  bright  features,  such  as  those  denoted  by  C 
in  big.  Ill-'*,  are  consistent  with  this  interpretation.  There  was  no  measurable  variation  in 
carrier  concentration  and  diffusion  length  assoc  iated  with  nn-contrast  boundaries. 

The  Cl.  results  indicate  that  both  defect  structure  and  impurity  effects  influence  the  opto¬ 
electronic  properties  of  (ills  in  (la, As.  drain  )'Oun<\:<rirx  that  show  no  cl.  contrast  are  believed 
to  have  little  misfit  between  adjoining  grains.  Consistent  with  this  idea,  TKM  has  shown  these 
defects  to  be  {ill,1  twin  boundaries  with  no  observable  dislocation  structure,  figure  111-11  is 
a  Tb.M  micrograph  of  a  no-contrast  boundary,  obtained  with  the  boundary  parallel  to  the  inci¬ 
dent  electron  beam.  The  crystallographic  relationships  indicated  in  the  figure  are  character¬ 
istic  of  a  twin  boundary. 

Bright  boundaries  arc  probably  twin  boundaries  where  the  impurity  concentration  in  the 
adjacent  regions  has  been  reduced  by  segregation  to  the  boundaries.  The  tills  exhibiting  dark- 
line  contrast  arc  probable  high-misfit  boundaries.  Although  nonradintivo  recombination  can 
be  expected  to  occur  at  the  misfit  defects,  this  effect  is  insufficient  to  account  for  the  observed 
darkening,  since  the  width  of  the  dark  lines  (typically  Z  to  5  pm)  is  much  greater  than  the  width 
of  the  tills  themsches.  Both  an  increase  in  impurity  concentration  and  the  formation  of  im¬ 
purity  precipitates  probably  contribute  significantly  to  the  reduction  in  Cl.  intensity  along  these 
boundaries.  These  interpretations  are  summarized  in  Table  1 1 1  —  1 . 

Un  believe  that  a  close  correlation  will  be  found  between  the  Cl,  properties  of  tilts  in  ClaAs 
and  the  effects  of  the  (Ills  on  the  properties  of  photovoltaic  devices.  Thus,  it  seems  likely  that 
boundaries  show  ing  no  Cl.  contrast  are  electrically  inactive  and  will  not  have  a  significant  effect 
on  device  characteristics.  Boundaries  that  appear  dark  have  associated  nonradiative  recom¬ 
bination  centers  that  can  be  expected  to  reduce  short-circuit  current  and  increase  series 


Ims;.  111-8.  SCM  and  SKM  micrographs  of  the  same  CiaAs  sample. 
Hoimdaries  A  and  H  show  different  Cl.  contrast  but  similar  sur¬ 
face  morphologies. 


1104  7  00  moll 


200 jim 


fig.  111-0.  SCM  and  SUM  composite  micrographs  of  the  same  CiaAs 
sample.  The  Cl.  contrast  results  from  local  variations  in  impurity 
concentration.  Carrier  concentration  and  diffusion  length  measure¬ 
ments  were  made  at  A  and  II. 


I'ig.  111-10.  t'L  intensity  vs  accelerating 
potential  measured  at  location  A  (near 
boundary)  and  H  (crystal)  in  rig.  1II-9. 
Kach  curve  is  normalized  to  £he  inten¬ 
sity  at  30  kV. 
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I'ig.  111-11.  Transmission  electron  micrograph  of  a  no-contrast  (11!  in  (>aAs. 
The  crystallographic  orientations  identify  this  as  a  twin  boundary. 


TABLE  II 1-1 

CATHODOLUMINESCENCE  CONTRAST  OF  GRAIN 

BOUNDARIES  IN  GoAs 

Boundary 

SCM  Image 

Proposed  Contrast  Mechanism 

Boundary  Structure 

Impurity  Effects 

No  Contrast 

Twin 

Absence  of  localized 
defects 

No 

Bright 

Twin 

Yes 

Dark 

High  density  of 
localized  misfit 
defects 

? 

Dark  With 

Bright 

Border 

High  density  of 
localized  misfit 
defects 

Yes 

resistance.  Such  boundaries  that  cross  a  device  junction  can  cause  a  reduction  in  open-circuit 
voltage  and  fill  factor.  In  addition,  impurities  concentrated  along  (IBs  could  diffuse  into  epi¬ 
taxial  layers  grown  on  heavily  doped  substrates,  affecting  device  performance  by  altering  band- 
gap  states  at  the  grain  boundary  or  by  changing  the  doping  of  the  device  structure.  These 
effects  are  consistent  with  the  low  open-circuit  voltages  commonly  observed  for  polvervstalline 

C.aAs  solar  cells.  Salerno 

It.  P.  ('.ale 
.1.  t  .  C.  Fan 
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A  GltAPIIITK  ST  It  1 1’  HCATKIt 

In  this  report  we  describe  the  utilization  of  a  simple  graphite  strip  heater  for  transient 
annealing  of  ion-implantation  damage  in  Si.  Good  electrical  activation  of  As-implanted  Si  has 
been  achieved  by  annealing  fee  only  10  s,  with  results  comparable  to  those  obtained  by  conven¬ 
tional  furnace  annealing  at  1000°  ('  for  10  min. 

A  variety  of  transient  annealing  techniques  have  been  used  previously  to  induce  solid-phase 
rec  rvstallization  of  ion-implanted  Si  layers.  Annealing  by  these  techniques,  for  periods  of 
only  a  few  milliseconds  to  a  few  seconds,  is  essentially  equivalent  to  conventional  furnace  an¬ 
nealing.  Our  objective  has  been  to  develop  an  extremely  simple  method  for  transient  annealing 
that  van  process  large-area  samples  without  using  a  vacuum  setup. 

Single-crystal  10-!t  cm  p-type  <j100>  Si  wafers  were  implanted  at  room  temperature  (Rfl 
or  liquid-nitrogen  (L.N^I  temperature  in  a  nonchanneling  direction  with  lBO-keV  As  ions  to 
.loses  of  S  x  I01’1,  l  <  10*'’,  or  1  <  10l<’  cm  .  Amorphous  implanted  layers  were  produced 
in  all  cases.  I'he  wafers  were  cut  into  t-  •  1  -cm  samples  that  were  annealed  using  the  graph¬ 
ite  strip  heater  shown  schematically  in  Kig.  Ili-12(a).  The  graphite  strip  with  dimensions  of 
0. 1  ■  .(  <  7  wns  firnily  damped  to  metal  electrodes,  and  a  rhromel-alumel  thermocouple 
imbedded  in  the  center  of  the  strip  was  used  to  monitor  the  temperature.  I'he  Si  sample  was 


Fig.  111-12.  (a)  Schematic  diagram  showing 

the  experimental  setup  used  for  transient 
annealing  of  As-implanted  Si.  (b)  Time- 
temperature  profiles  of  two  representative 
annealing  runs. 


(b) 


placed  at  the  center  of  the  strip  with  the  implanted  side  facing  down.  Annealing  was  performed 
in  a  flowing  forming  gas  (Ar/ll^l  ambient.  The  graphite  strip  was  rapidly  heated  by  passing  an 
Ac  current  of  up  to  35 0  A,  and  a  microprocessor  controller  with  digital  input  was  used  to  con¬ 
trol  the  current  and  hence  the  time-temperature  profile.  Figure  lll-12(b)  shows  two  represen¬ 
tative  profiles,  each  with  a  rise  time  of  ~5  s,  a  period  of  ~10  s  at  a  maximum  temperature, 
and  a  cooling  rate  of  100  to  200‘('/s.  Maximum  temperatures  ranging  from  700  to  1200°('  were 
used.  To  provide  a  comparison  with  the  results  of  conventional  furnace  annealing,  several 
implanted  samples  were  annealed  in  a  tube  furnace  at  1000'C  for  30  min. 

Crystallization  of  the  implanted  layers  was  accomplished  by  strip-heater  annealing  at 
maximum  temperatures  as  low  as  700°C.  Hackscattering  experiments  with  2-MeV  lie  ions 
were  performed  both  at  random  incidence  and  with  the  samples  aligned  for  \1005  channeling. 

Figure  111-11  shows  random  and  aligned  spectra  for  as-implanted,  strip-heater-annealed,  and 

15  -2 

furnace-annealed  samples  implanted  at  temperature  with  an  As  dose  of  2  x  10  cm 
The  data  for  backscattering  from  Si  atoms  (energies  less  than  i.2  Met  I  indicate  that  recrystal¬ 
lization  of  the  amorphous  layers  was  complete  in  both  annealed  samples,  resulting  in  a  mini¬ 
mum  channeling  yield  of  3.H  percent.  1’he  channeling  yield  from  As  atoms  (energies  above 
1.4  MoV)  is  also  very  low  for  these  samples,  indicating  that  over  percent  of  these  atoms 
were  present  in  substitutional  sites.  For  the  as-implanted  sample,  the  peak  concentration  of 

As  atoms  determined  from  the  backscattering  data  is  2  x  10  u  cm  ,  as  predicted  from  l.SS 
14 

range  statistics.  I  he  data  for  the  strip-heater-annealed  sample  do  not  reveal  any  change  in 
the  distribution  of  As  atoms,  but  pronounced  redistribution  occurred  for  the  furnace-annealed 
sample.  Tlu:  marked  difference,  which  has  been  c  onfirmed  bv  SI  MS  measurements,  is  ex¬ 
pected  because  diffusion  lengths  of  1H  and  950  A  arc  estimated  for  the  strip-heater-annealed 
and  furnace-annealed  samples,  respectively. 
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Channeling  measurements  on  samples  implanted  with  a  dose  of  1  x  10  cm  showed  that 
onlv  about  H  I  percent  of  the  As  atoms  occupied  substantial  sites  after  strip-heater  annealing 
at  1000  (  for  10  s.  The  percentage  of  substitutional  atoms  was  reduced  because  the  peak  con¬ 
centration  for  tiiis  dose,  ~1  x  IO*"1  cm  ,  exceeds  the  equilibrium  solubility  of  As  in  Si  at 
1000 C.  ~5  x  10^°  cm”5  (Kef.  IS).  In  a  furnace-annealed  sample,  over  94  percent  of  the  im¬ 
planted  atoms  were  found  to  be  substitutional.  The  increase  in  substitutional  percentage  com¬ 
pared  to  strip-hcater-anncaled  samples  can  be  attributed  to  the  diffusion  that  took  place  during 
fur  na.  e  annealing,  which  reduced  the  fraction  of  As  atoms  that  were  present  at  concentrations 
ex,  ceding  tire  solubilitv. 

l  ire  r  esults  of  sheet-resistance  measurements  on  all  the  annealed  samples  are  shown  in 

14  15  -2 

I  re.  Ill-l  l.  |  or  strip-heate r-annealed  samples  implanted  with  5  x  10  or  2  x  10  cm  ,  with 
it.,  re  i-nu  annealing  temperature  the  sheet  resistance  decreases  gradually  to  values  approxi- 

■  .rlir.r  fio.-e  "i  f  :  mare-annealed  samples,  for  a  dose  of  1  x  to'^  cm  the  sheet  resistance 
.  al  e-  !.,)•  .trip- heater-annealed  samples  are  higher  than  those  for  furnace-annealed  samples, 
i>.  .  i  ...  of  tli.-  lower  per  i  errtage  of  substitutional  As  in  the  former.  Strip-lieater  annealing  at 

t  tue  e  Mill)  r  results  1 1 1  a  lei  rcase  m  sheet  resistance,  which  can  be  explained  by  an  increase 
i  i.i  .  .r ".tit  .nor  . 1 1  per.  entage  due  to  As  diffusion.  I  he  lowest  sheet  resistance  achieved  is 

.  -i  .  Hull  r:  e  ,siir  emerits  have  confirmed  the  effectiveness  of  strip-heater  annealing. 

II  Is  -2 

i  -  ..  •  or  in  or  2  ID  i  in  ,  the  sheet  carrier  concentrations  and  average  mobili- 

■  ••!.!•:  Id  sir  ip-l, eater  -anneale  I  samples  were  generally  close  to  those  for  furnace- 

tr  -  ’ 

e  ib  .  ,t  ph  .  I  or  u  los.  o|  (  it)  ,  m  “ ,  the  s  t  r  ip  -  hen  ter  -  annea  led  samples  have 

'  I  io... .  ■  .  H  e.  than  t  i  r  ns.  e -annea  led  samples,  consistent  w  ith  the  results  of  Tig.  Ill- 14. 
i  ••  Il  l  -now  ■  the  tnt-wnrd  !-\  <  ha racteri sties  of  a  typical  unpassivated  mesa  diode 
a-  '  .  - u (  -  ;.e  -iter  -,irine.-i|e  j  sample.  J  he  sample  had  been  implanted  at  KT  with 

!  1  \  i  i.i  :  n. i  -  ub  l  at  -on  (  for-  in  s.  i  he  diode  is  StO  pm  in  diameter  and  lias  a 

i  ■  o-  i  i-  t  i  '.  '  "  ,.c  n  liameter.  I  he  forwar  d  eharai  teristies  are  typical  of  near- 
i  •>:  i  .  tie-  ..  |  or  o . .  r  four  or  lers  of  magnitude  tire  eharai  teristies  call  be  fitted  to 

1  |.  -p  -ik  M  I  |  with  n  1.1,  indicative  of  current  flow  dominated  by 
Hi-  o-  .  \t  io.-  ;ni  ii  ii  :i  i:i.,  tin-  i  ha r  in  teristies  i  an  Ire  fitted  to  the  same  expression  with 

I.  a  -  ••  :  i  i .  i  >  m  i-  oi.srsteiit  with  i  nrrent  generation  in  the  space  charge  region,  but  it 

-•4 

■  j  ii  '.'.  :  .  to  sei  f  n  .  Ic.iKare.  since  the  diodes  are  uupassivated.  lievond  10  A  tile 
i  .  •  a  oil’  'min  ilr  i  I .  I  1 1 in ■  lue  to  excess  diode  resistance.  The  reverse  current 
i-  a  ilu  "  i.  i  o|  in  \  at  m  and  the  breakdown  voltage  exceeds  ISO  V. 

,  Ii.  'i.i:  I.  I"!  i/.atio.  results  show  that  transient  annealing  with  a  simple  graphite  strip 
.'"  O''  e  e,  I  hi  .  solid-phase  epitaxial  rei  rvstallization  of  As-implanted  amorphous  Si  layers. 
Mill"  ..  i  fUi'  tm  e  it  maximum  temperature  was  set  at  10  s  in  the  present  experiments,  even 
. i •  t •  :  to si, mil  Mie  edit.  tent,  t  omplete  activation  of  tlu-  implanted  As,  with  negligible 
•  "  u  di  it  -  .lion  has  b.  eii  a.  lie  .  ed  for  eon.  ei  it  rations  below  the  equilibrium  solubility  limit, 
i  n.  ,  :  ipnite  -trip  In  at.  i  .  an  i-.asilv  be  s(  ale.l  up  for  processing  full-size  wafers.  Idle  low 
o.i  ..I  tin  experimental  setup  ■  outpaced  u<  laser  or  e-beam  annealing  equipment  makes  the 
-ii  i  p  - :  •  ut.'i  .ii. :  .  .  1 1 1 1  r  I.',  liiiiipie  atti  ai  live  for  seniii  oii.lui  tor  processing. 
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Kin,  III-M.  Shout  resistance  of  As 'implanted  Si  samples  after 
strip-heater  annealing  at  700  to  1^00  for  10  s  or  furnace 
annealing  at  1000  C  for  30  min. 
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Fig.  111-15.  Forward  J-V  characteristics 
of  an  unpassivated  mesa  diode  fabricated 
on  a  strip-heater-aruiealod  sample. 
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Composite  structures  consisting  of  sirigle-i  rystal  Si  films  on  insulators  are  of  great  in¬ 
terest  for  device  applications.  In  recent  experiments  we  prepared  continuous  single-crystal 
Si  films  on  SiO,  and  Si,\^  li>  the  teelmi<iue  of  lateral  epitaxy  by  seeded  solidification 
(I.KSS).*'  '*^  The.  e  experiments  employed  two  graphite  heaters,  one  of  which  was  moved 
luring  I.KSS  processing.  In  this  report  we  describe  the  preparation  of  single-crystal  Si  films 
oil  Sit),  hy  a  new  version  of  the  1  .KSS  technique,  which  uses  a  single  stationary  graphite  heater 
for  transient  heating.  These  films  are  comparable  m  crystal  quality  to  those  obtained  by  the 
two  - heater  procedure. 

In  the  I  .KSS  technique,  a  single-crystal  Si  substrate  is  overcoated  with  an  insulating  layer, 
narrow  stripes  are  opened  to  expose  the  substrate,  and  a  thin  film  of  amorphous  or  polycrys¬ 
talline  Si  is  deposited  over  the  entire  surface.  The  Si  film  is  melted  and  frozen  in  such  a 
manner  that  solidification  initially  occurs  within  each  stripe  opening,  where  it  is  seeded  by  the 
Si  substrate,  and  then  proceeds  laterally  over  the  adjacent  insulating  layer. 

In  our  initial  I, KSS  experiments,* '^  *  ‘  the  sample  was  placed  face  up  on  a  stationary  graphite 
strip-heater  that  was  heated  to  about  1300“(  .  A  movable  graphite  strip-heater,  which  was 
positioned  about  2  mm  above  the  sample,  was  raised  to  a  temperature  sufficient  to  melt  a  nar¬ 
row  zone  of  the  Si  film.  Lateral  epitaxv  w  as  accomplished  by  moving  the  upper  heater  at  about 
0.6  cm/s,  causing  the  molten  zone  to  move  at  the  same  rate.  However,  some  observations 
made  during  these  experiments  indicated  that  lateral  epitaxy  could  be  achieved  by  transient 
heating  even  without  moving  the  upper  heater. 

In  the  present  investigation,  <100}  Si  wafers  6  cm  in  diameter  were  masked  with  an  SiO., 
film  0.2  pm  thick  formed  by  thermal  oxidation.  Stripes  3.6  pm  wide  and  spaced  SO  pm  apart 
were  opened  in  the  SiO^  film  by  standard  photolithographic  techniques.  An  amorphous  Si  film 
0.f>  to  0.7  pm  thick  was  deposited  in  a  chemical  vapor  deposition  (CVI)I  reactor  and  capped  with 
a  CVI)  Sit>2  layer  about  2  pm  thick.  The  resulting  structure  is  shown  schematically  at  the 
lower  left  of  l'ig.  111-10.  Finally,  rectangular  samples  with  dimensions  about  1x2  cm  were 
cut  from  each  wafer. 

The  upper  part  of  Fig.  111-16  shows  the  heater  configuration  used  for  I. KSS  processing,  which 
was  performed  in  a  flowing  Ar  ambient.  The  sample  was  placed  on  a  graphite  sheet  with  the 
Si  film  facing  down.  The  graphite  sheet  was  placed  on  a  woven  graphite  cloth  that  was  clamped 
between  two  electrodes.  The  low  thermal  mass  of  the  graphite  cloth  allows  rapid  heating  and 
cooling,  and  use  of  the  graphite  sheet  greatly  reduces  the  temperature  valuation  across  the 
sample.  A  typical  time-temperature  profile  used  for  i.KSS  processing  is  shown  at  the  lower 
right  of  Fig.  111-16.  Stepped  heating  and  cooling  were  used  to  prevent  the  formation  of  slip 
planes.  With  the  time-temperature  profiles  used,  any  melting  of  the  Si  substrate  was  re¬ 
stricted  to  a  thin  surface  layer. 

In  areas  of  the  samples  where  stripes  had  been  opened  in  the  SiO,  layer,  I.KSS  processing 
yielded  corn  minus  single-crystal  Si  films.  In  areas  far  from  the  openings,  the  films  were 
polyr  rystalline,  consisting  of  randomly  oriented  grains  several  hundred  micrometers  across, 
the  characterization  results  indicate  that  solidification  of  the  single-crystal  films  generally 
took  place  in  the  same  manner  as  in  the  two-heater  I.KSS  experiments  when  the  upper  strip- 
heater  was  moved  parallel  to  the  long  axis  of  the  stripe -openings.  In  those  experiments, 
seeded  growth  began  within  each  opening  and  continued  laterally  over  the  insulating  layer  on 
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big.  111-16.  Sr  hematic  diagram  showing  the  oonfigti  ration  used  for  the  one-heater 
l.l'SS  technique.  A  cross-sectional  diagram  of  a  typical  sample  before  I . KSS  pro¬ 
cessing  is  shown  in  expanded  form  on  the  lower  left.  On  the  lower  right  is  a  time- 
temperatn re  profile  used  for  processing. 


both  sides  of  the  opening  until  the  growth  fronts  met  the  fronts  originating  from  the  two  adjacent 
openings. 

Hie  Si  films  obtained  were  quite  smooth,  except  for  some  surface  features  formed  at  the 
intersections  of  the  growth  fronts  from  adjacent  openings.  Such  features  are  shown  in 
big.  Ill- 17ia),  which  is  an  optical  micrograph  of  an  as-solidified  film  taken  after  removal  of 
the  SiO,  cap.  The  linear  features  were  found  by  I'll M  to  be  formed  by  dislocations,  probably 
eansed  by  a  slight  misorientation  of  the  adjacent  fronts.  The  circular  features  are  dislocation 
clusters.  In  some  areas,  even  delineation  etching  did  not  reveal  intersections  between  adjacent 
fronts.  In  tlie.se  areas,  solidification  of  the  film  between  adjacent  openings  probably  took  place 
by  the  motion  of  a  single  front  that  originated  within  one  opening  and  moved  to  the  other  opening. 

Optical  micrographs  of  the  Si  films  taken  after  etch  delineation  show  the  presence  of  a  few 
microtwins  that  originate  within  the  stripe  openings  and  propagate  along  <110N  directions  over 
the  SiO,  layer,  in  some  eases  extending  to  the  intersections  between  adjacent  growth  fronts. 

I  hose  twins,  which  are  shown  In  li-AI  observations  to  be  bordered  be  Jill)  planes,  are  less 
than  O.S  pm  wide  and  spaced  a  few  hundred  micrometers  apart  along  the  stripe  openings. 

As  shown  in  big.  I II- 1  7(al,  the  depressions  in  the  Si  film  surface  located  over  the  stnue 
openings  were  retained  during  melting  and  solidification.  This  is  also  demonstrated  by 
big.  1 1 1  -  1  7 1 la ,  an  SKA1  mie m graph  of  a  e  leaved  cross  section  of  the  sample  of  big.  II I  - 1  7 la t 
that  had  been  etched  with  lib  in  order  to  delineate  the  SiO,  mask.  It  is  apparent  that  the  mask 
retained  its  integrity  during  I. KSS  processing.  About  half  the  2 -pin -thick  SiO,  i  up  remained 
after  the  111  etch.  Die  Si  film  is  about  0.6  pm  thick.  Other  SUM  mn  rogrnphs  show  that  the 
suiTa<  e  of  the  Si  film  outside  the  stripe  openings  is  smooth  except  at  the  interso  tiers  between 
the  growth  fronts,  where  there  are  ridges  a  few  hundred  angstroms  high. 

Che  quality  of  tlie  Si  films  was  confirmed  by  measurements  of  the  Kutlierfoi  |  |,a,  ks,  utter¬ 
ing  of  2-Me\  'lie  ions.  I  he  diameter  of  the  ion  beam  was  about  1  mm.  so  that  on,  h  measure¬ 
ment  i  linrni  terizes  a  region  of  the  film  produced  by  growth  originating  witl ai;  about  .’u  strip. 


openings.  Figure  III- IS  shows  the  results  of  such  a  measurement  made  on  the  film  of 
l  ig.  111-17  in  an  area  where  intersections  between  the  fronts  were  observed.  The  open  and 
closed  circles  show  the  spectra  obtained  when  the  beam  was  incident  in  a  random  crystallo¬ 
graphic  direction  and  in  the  <100/  channeling  direction,  respectively.  The  minimum  chan¬ 
neling  yield  at  the  surface  htn  {„>  is  about  6  percent,  not  much  higher  than  the  value  of  -1  per¬ 
cent  obtained  for  bulk  single-crystal  Si  (also  shown  in  1  'ig.  Ill  -  is)  and  comparable  to  values 

1  7 

measured  for  samples  prepared  by  the  two-heater  l.KSS  technique.  The  channeling  yield 
increases  to  about  10  percent  at  the  Si-SiO,  interlace.  Che  dip  in  the  random  spectrum  near 
0.75  .Met  is  due  to  the  presence  of  the  SiO,  mask,  which  lias  a  lower  Si  concentration  than 
elemental  Si. 

figure  111- 1 «  also  shows  the  channeling  spectrum  for  the  0.6-pm-thick  Si  film  of  a  com¬ 
mercial  Si -on -sapphi re  iSOS)  sample.  While  v  ^  is  only  about  H  percent,  the  channeling  yield 
increases  to  over  50  percent  at  the  Si-sapphire  interface,  much  larger  than  that  at  the  Si-SiO, 
interface  in  the  l.KSS  sample.  1'his  indicates  that  the  crystal  quality  is  much  better  at  the 
Si-SiO,  interface  than  at  the  Si-sapphire  interface. 

In  a  number  of  preliminary  experiments  where  the  stripe  openings  were  £50  pm  apart, 
continuous  single-crystal  Si  films  were  obtained,  showing  that  lateral  growth  of  at  least  125  pm 
over  SiO,  can  be  achieved  by  the  single-heater  1 .1  ;SS  technique.  In  fact,  single-crystal  over¬ 
growth  has  been  observed  in  some  areas  for  distances  up  to  250  pm  beyond  the  stripe  openings. 
By  optimizing  the  process  parameters,  including  the  temperature  gradient  in  the  plane  of  the 
sample  and  the  rates  of  heating  and  cooling,  it  should  be  possible  to  significantly  extend  the 

distance  of  single-crvstal  growth.  , 
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IV.  MICRO  K  L  ICC  TRONIC  S 


A.  CHARGK-COU  PLICI)  DKVICHS:  I  MAG  ICRS 

Satellite  surveillance  at  the  G1CODSS  (Ground-Based  ICIectro-Optical  Deep  Space 
Surveillance)  sites  is  currently  confined  to  night  viewing.  Recently  there  has  been  interest  in 
the  possibility  of  extending  surveillance  into  the  daylight  hours.  However,  the  high-sky  back¬ 
ground  adds  a  large  noise  to  the  signal  and  precludes  the  highly  sensitive  detection  possible  at 
night.  Nevertheless,  it  appears  that  brighter,  low-altitude  satellites  can  be  detected  by  cur¬ 
rent  CCD  sensors,  and.  in  fact,  these  satellites  are  often  difficult  to  observe  at  night  because 
of  occultation  by  the  earth.  In  this  report  we  describe  evaluation  of  a  technique  called  "charge 
skimming"  which  could  be  used  to  increase  the  sensitivity  of  a  CCD  sensor  for  the  high- 
background  imaging  characteristic  of  daytime  sky  surveillance. 

For  a  high-background,  low-contrast  imaging  situation,  the  signal-to-noise  ratio  (SNR)  at 
the  output  of  a  CCD  will  be  Ng/  \/(Np  +  Ng)  «  N  /  \/Nj, ,  where  Ng  and  are  the  number  of 
photoclectrons  per  charge  packet  due  to  signal  and  sky  background,  respectively.  This  assumes 
that  photon  noise  dominates  the  noise  sources  in  the  CCD,  an  assumption  that  is  easily  satisfied 
in  practice.  Because  the  daytime  sky  background  is  so  large,  a  typical  CCD  would  saturate  on 
telescopes  of  about  15-in.  diameter.  One  could  attenuate  the  optical  signal  with  neutral-density 
filters,  but  this  would  reduce  the  SNR  by  the  square  root  of  the  attenuation.  Thus,  the  challenge 
in  using  CCDs  without  sacrificing  SNR  is  to  increase  the  exposure  level  at  which  the  devices  sat¬ 
urate.  This  could  be  accomplished  by  increasing  the  charge  capacity  of  the  CCD  pixels,  or  by 
decreasing  the  integration  time  (increasing  the  output  data  rate)  while  performing  compensatory 
integration  off-chip. 

However,  a  more  convenient  technique  for  the  low-contrast  imaging  situation  discussed 
above  is  to  perform  in  the  charge  domain  a  function  similar  to  AC  coupling.  In  this  method  a 
fixed  quantity  of  charge  resulting  from  the  background  is  subtracted  from  the  charge  packet,  and 
the  small  remaining  portion  containing  the ■  signal  information  is  retained.  Kosonocky  and  Sauer1 
have  demonstrated  this  technique  in  a  closed-loop  CCD  structure  where  it  was  use'd  to  remove 
dark  current  from  the  signal.  We  have'  studie’d  this  te’Chnique'  experimentally  using  the  final 
stage  in  the  output  registe-r  of  a  two-phase  CCD  image  r.  Figure’  IV-1  describes  the-  final  trans- 
fr  r  stage'  and  illustrate-s  the ■  dynamics  of  charge'  flow  involved  in  the-  skimming  proce-ss.  A 
charge'  packe  t  under  the'  6  j  storage-  we  ll  (the1  rightmost  of  the-  two  0^  gates)  is  transfe  rred  on  the 
falling  edge-  of  the  0^  clock  to  the  0^  storage’  we  ll.  In  normal  operations  the  output  gate-  would 
be-  biased  to  a  DC  potential  lowe  r  than  sugge  sted  by  Fig.  IV-1,  so  that  all  of  the  charge  rece  ived 
by  $2  would  be  re  taine  d  until  a  half  clock  period  later.  Whim  the-  0 pote  ntial  drops,  the  entire’ 
charge  packet  would  be-  transferred  to  the-  output  diode. 

In  Fig.  IV-1,  howe-ve-r,  the  output  gate-  is  shown  biased  to  a  leve  l  that  permits  a  portion  of 
the  ■  charge,  to  he-  skimmed  off  and  transfer  reel  to  the-  output  diode.  The  residual  charge 

Qj  is  le  ft  in  the  (5  ^  storage  well  anil  is  subse  quently  transferre  d  to  the  output  diode  on  the  fall¬ 
ing  edge  of  the  <i>  ^  clock.  In  this  e  xperime  nt,  re  prese  nts  a  portion  of  the-  sky-background 
ge  ne  rate  el  charge'  which  we  wish  to  discard,  while  the-  skimme  d  charge  ,  ^ ,  may  contain  a 

signal  ami  is  save  d. 
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This  technique  is  useful  when  the  very  wide  dynamic  range  signals  of  (CDs  are  to  be 
processed  by  amplifiers  and  A/D  converters  of  limited  dynamic  range.  In  addition,  this  struc¬ 
ture  (with  modifications)  could  hi'  incorporated  into  an  imager  pixel  or  column  of  pixels  where 
it  could  be  used  to  suppress  the  charge  buildup  from  the  background. 

The  charge-skimming  process  described  in  Dig.  IV-1  has  been  demonstrated  in  two  exper¬ 
iments.  In  tiie  first  we  illuminated  the  output  register  to  generate  charge  packets  of  approxi¬ 
mately  400,000  electrons  and  measured  tile  skimmed  and  residual  charge  as  a  function  of  output 
gate  bias.  These  data,  taken  at  a  clock  rate  of  200  kllz,  arc-  plotted  in  Fig.  IV-2  and  show  that 
the  skimming  commences  at  5.60  V.  Above  5.60  V,  the  slopes  of  the  lines  are  proportional  to 
the  capacitance  ('  of  the  storage  well: 

C  =  <l//i)  dQR/dVOG  =  -  (1  /ll)  dQs|</dV()C 

where  ii  =  0.9  is  a  factor  representing  the  modulation  of  the  electron  potential  in  the  channel  by 
tin  output  gate“  and  \  is  the  output  gate  bias.  The  values  of  ('  range  from  27  fF  at  5.9  V  to 
18  fF  at  9  V,  reflecting  the  changing  depth  of  the'  charge  centroid  in  the  buried  channel. 

In  the  second  experiment  we  simulated  a  low-contrast  imaging  situation  by  adding  three 

small  charge  packets  to  the  optically  induced  charge  and  measured  their  amplitude  as  a  function 

of  skimming.  The  charge  packets,  which  were  inserted  electrically,  are  about  3,700  electrons, 

so  that  SNI{  =  5.9.  The  amplitude  of  the  three  signal  packets  as  a  function  of  output  gate-  bias  is 

plotted  in  Fig.  IY-3,  and,  as  expected,  the  signal  is  entirely  skimmed  off  shortly  after  the  onset 

of  skimming.  The  oscilloscope  photographs  of  Fig.  IY-4  show  the  CCD  output  for  tile  skimmed 

(upper  trace  in  each  photograph)  and  residual  charge  (lower  trace)  below  and  just  above  the 

skimming  threshold.  Figure  rV-4(a),  taken  at  a  gate  bias  of  5.53  V,  shows  no  signal  in  the 

skimmed  charge',  while  the  residual  charge  consists  of  the  3, 700-electron  signal  riding  on  the 

400, 000-electron  background  (signals  are  negative  -going  in  these-  photos).  The-  photon  noise  of 

5  30  e-le-etreins  rms  is  e-viele-nt  in  the  lower  trace-.  At  5.98  V  |  Fig.  I  V-4(b)J,  both  the-  signal  and 

the-  photon  neiise  have  been  skimmed  eiff,  leaving  behinel  a  re-sidual  charge  of  3t>0,000  ele-ctreins 

(from  Fig.  l\-3).  Ilowe-ve-r.  the-  re-sidual  e-harge  also  has  a  small  noise  component  which  is 

e  xpe  cte  d  to  lie-  varl).,  =  ykTC,  where-  C  is  the  storage  -we  ll  capacitance  pre-viously  mentioned 
n  2 

and  -v  is  a  factor  close-  to  unity.  The-  me  asure-d  noise-  of  55  to  30  e-lectrons  agre-e-s  w  ith  the  ory 
for  y  -  1.4, 

An  important  detail  of  these  experiments  is  that  the  rise  and  fall  times  of  the  Cj  anil  O ,  clocks 
were-  se-t  to  about  700  ns.  When  the  rise-  and  fall  times  wore  reduced  to  their  normal  values  of 
30  ns,  the  elata  of  Fig.  rV-3  showed  a  more-  gradual  skimming  e  xtending  over  about  0.75  V.  This 
suggests  that  the-  fast  CCD  clock  transie  nts  are  causing  modulation  of  the  substrate-  and  output 
gate-  pote  ntials,  and  are-  the  re -fore-  pre-ve  nting  the-  output  gate-  from  cle-anly  "slicing"  the-  charge- 
packet  in  two.  This  effe  ct  place  s  a  limit  on  the-  maximum  amount  of  skimming  that  can  be  done- 
without  atte  nuating  signals  that  are-  not  much  larger  than  the-  photon  noise-.  Most  image  r  appli¬ 
cations  require  high  viele  o  elata  rates  which  pre  clude-  clock  waveforms  with  slow  rise  and  fall 
time  s.  The n -fore  ,  the  e  ffe  ctive  in-ss  of  the  skimming  technique-  will  de-pe-nd  on  careful  de  vice 
ile  sign  to  minimize  clock  coupling  to  tin-  skimming  gate-. 

13.  K.  Burke- 
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I(.  0X11)1 :  BARRIKRS  TO  FORMATION  OK  RKKRACTORY  SIUCTDKS 


In  this  report  we  discuss  attempts  to  form  refractory  silicides  using  an  alternating  metal¬ 
lization  technique.  Results  for  WSi^,  MoSi^,  and  TaSi^  indicate  a  different  interdiffusion  mech¬ 
anism  associated  with  the  formation  of  VYSi^  than  with  the  formation  of  MoSi^  or  TaSi2  if  gas 
phase  impurities  (probably  oxygen)  are  incorporated  in  the  deposited  refractory  film.  These 
results  are  applicable  to  the  fabrication  of  silicon  device  structures  which  use  refractory  metals 
on  Si02  and  silicon,  such  as  the  permeable  base  transistor. 

Although  doped  polvsilicon  has  been  successfully  utilized  as  a  gate  and  interconnect  metal¬ 
lization,  the  minimum  obtainable  sheet  resistivity  of  20  il/\ □  for  polysilicon  is  not  adequate  for 
many  applications.  To  address  this  problem  several  refractory  metal  silicides5  have  come 
under  study.  These  materials  offer  the  potential  for  sheet  resistivities  an  order  of  magnitude 
less  than  doped  polvsilicon  while  retaining  the  same  capability  for  lithographic  processing, 
etching,  and  thermal  self-passivation  as  polysilicon.  WSi-,,  MoSi,,  and  TaSi,  have  been  iden- 

,j  £  L.  C. 

tified  as  materials  of  particular  interest  because  of  high  temperature  stability,  ease  of  for¬ 
mation,  low  bulk  resistivity,  and  r<  lative  resistance  to  wet  UK  etchants.  These  films  have 
been  formed  in  a  controlled  fashion  by  electron-beam  co-evaporation5  of  metal  and  silicon  and 
by  eo-sputtering  from  targets  of  the  two  metals.  In  this  work,  an  alternating  layer  deposition 
technique'  developed  for  ItSi  has  been  utilized  for  forming  refractory  silicides. 

Substrates  were  prepared  by  depositing  600  A  of  low-pressure  chemical-vapor-deposited 
(l.IVVD)  Si^N,  and  1000  A  of  phosphorus-doped  KIWI)  polysilicon  onto  silicon  wafers  with 
S000  A  of  thermal  oxide.  By  using  a  multi-hearth  electron-beam  evaporator,  four  alternating 
pairs  of  nominally  200-A-thick  films  of  tungsten  and  525-A-thick  films  of  silicon  were  deposited 
to  form  composites  whose  composition  was  equivalent  to  stoichiometric  WSi.,.  Similar  four- 
pair  depositions  (200  A  Mo/S 2S  A  Si  and  200  A  Ta/460  A  Si)  were  performed  tor  stoichiometric 
MoSi,  and  TaSi.,.  The  films  were  n 'acted  and  homogenized  in  a  high-puritv  II,  ambient  at  950°C 
for  10  min. 

Kour-poinl  probe  measurements  showed  sheet  resistivities  of  v-s.-l  h/q  for  WSi,.  vl2.2  SI '□ 
for  MoSi  ,  and  2,m  !.'  ~  for  TaSi,.  X-ray  diffraction  and  Auger  analysis  confirmed  that  a  mix¬ 
ing  reaction  had  taken  place  for  both  the  MoSi,  and  TaSi  ,  films,  but  a  distinct  layer  structure 
was  retained  for  the  W -Si  composite  structure  despite  the  low  sheet  resistivity  for  these  films. 
Although  isolated  regions  of  WSi2  approximately  100  pm  in  size  were  observed,  no  uniform  tung- 
sti  n  silieide  films  were  formed  until  samples  were  annealed  at  temperatures  gr<  ater  than  1000°C. 

’To  study  the  W -Si  reaction  further,  silicon  substrates  were  prepared  with  20  A  of  thermal 
oxidi  followed  bv  100  A  of  e lertron-K  am-evaporated  tungsten  and  TOO  A  of  electron-lieam- 
>  vaporah  d  silicon  deposited  without  breaking  vacuum.  Auger  sputtering  analysis  of  these  sam- 
ph  s  d  ig.  IY-S)  shows  tlie  distinct  silicon  substrate  layer,  the  thin  oxide,  and  the  deposited 
silicon  and  tungsten  layers.  Since  tungsten  does  not  readilv  form  a  native  oxide  at  low  tempo r- 
atiin  s.  (In  oxvgen  pi  ak  at  the  evaporated  tungsten/evaporated  silicon  interface  is  somewhat 
surpri  ing.  However,  this  peak  may  he  related  to  outgassing  of  the  silicon  source  prior  to  sili¬ 
con  h  position  as  tin  vacuum  integrity  degradi  s  during  this  process  to  approximately  10-1’  'I'orr 
from  a  hast  pressure  of  1  v  to"  I'orr. 

AH'  r  thi  above  Augi  r  analysis  was  enmpleti  d.  the  substrates  were  annealed  in  a  high- 
purity  II,  ambit  nt  lor  10  min.  at  1000  (*  and  a  second  Auger  analysis  was  performed,  the  re¬ 
sults  ol  which  an  diown  in  I  ig.  I\  -f  ,  This  analysis  shows  tliat  no  mixing  has  taken  place,  and 
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Auger  analysis  of  an  electron-beam-evaporated  \V-Si  compos 
on  a  Si  substrate  with  a  thin  the  rmal/oxkle. 


tin  oxygen  pi  ak  at  tin  i  vaporatid  tungsteu/«  vaporatid  silicon  inti  liari  app«  ar>  to  turn  uu  ■  .  . 
as  show  n  in  I  ip.  [\  -7  .  which  is  ail  enlargement  of  tile  oxygen  curve  of  lip.  |\  -i  .  In  a.lilit  i. 
the  level  Ilf  oxygen  in  the  tungsten  film  appears  to  have  decreased.  Although  tin  eh.  n,u  a]  na¬ 
ture  of  the  Iixvgen  between  tlie  deposited  tungsten  and  silicon  films  cannot  hi  pn  cisi  l\  d>  t.  i  - 
mini  il.  it  is  sufficient  to  prevent  silicide  formation  at  lOOO’C.  about  350'  ('  hipln  i  than  Hu  r. 
action  temperature  for  the  uninhibited  formation  of  WSi^. 
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Kip.  IV-7.  Comparison  of  expanded  oxygen  peaks  from  I'tps.  IV-k  and  -i  between 
electron-bcam-dcpositcd  Si  and  W  before  and  afti  i  ll,  anneal.  1  he  oxygen  peak 
has  increased  after  anneal,  indicating  the  diffusion  of'oxygen  from  the  hulk  of  the 
film  to  the  W-Si  interface. 


A  possible  explanation  for  the  results  of  these  A  apt  r  analyst  s  is  that  the  tungsten  film  con¬ 
tains  sunn  level  of  nxvgen  dm  to  the  gettering  of  residual  oxvgi  n  in  the  vacuum.  In  addition, 
the  outgassing  of  the  silicon  source  mentioned  above  tiiav  i  nhance  the  level  of  oxygen  at  the 
evaporated  W-Si  interface.  When  tie  composite  layer  is  annealed  at  high  temperatures  in  a  ll7 
ambit  nt.  the  oxvgen  diffuses  readily  out  of  the  hulk  of  the  film  to  the  interface  probably  forming 
Si(t7.  an  oxide  which  is  more  stable  than  \VO^.  The  resulting  thin  SiO,  film  has  sufficient  in¬ 
tegrity  to  prevent  silicon  diffusion  into  the  tungsten,  thereby  preventing  WSi7  formation. 

In  conclusion,  the  chemistry  of  vacuum -deposited  tungsten  films  allows  for  the  formation 
of  an  isolating  layer  of  oxide  if  a  silicon  film  is  deposited  over  tin  tungsten  layer.  This  oxide 
laver  prevents  the  formation  of  WSi^  at  temperatures  up  to  1000' C.  This  mechanism  does  not 
occur  for  alternating  Mo-Si  or  Ta-Si  depositions.  This  unique  property  of  tungsten  makes  it 
inherently  useful  for  buried-metal  films  in  silicon  devices. 

Ih  .1.  Silversmith 
U.  D.  Hathman 
K.  \V.  Mountain 


-IP 


i.  r.VMKKN  KICISTKATION  IS  INC  THK  SCANNING  El .  LCT  UON  BEAM 

l.lTlinCKAj'IIV  S\s'i  i  M 

flit  •  lirtron  l><  am  lithography  system  (SI\1U,)  at  Lincoln  Laboratory  has  hi  i  n 

ap;»li«  d  to  a  vari«-t\  of  high-r«  solution  writing  tasks,  including  fabrication  of  diffractive  optics** 
u 

and  i  hi  ironic  d<  vice  Howe  v  r,  w «  have  not  previously  fully  developed  and  exploited  the 
hirh-acrura*  v  p;»tl<  »-n  r«  L<  .stratum  capabilities  of  the*  SEBL.  This  report  disc  a  "ses  the  appli¬ 
cation  of  the  -d  HI  to  high-re  solution  alignme  nts,  and  describe  s  the-  alignment  of  1  1  T  di  vice 
patte  I’ti-  Aith  -uhmtv  ronii  te  r  fi-atnn  size  s.  Experimental  results  arr  presented. 

The  exporiin  n*  -  in  pat»ern  registration  utilized  an  ETEC  I.EBES-1)  SEBL.  This  is  a  ver- 
tor  scan  machin.  itli  a  I -mm  fi<  Id  size  ,  1  he  sample*  is  me  *nte-d  on  a  servo-controlled,  x-y 

translation  '■tag*  .  I  he  -.tap*  i-  us.  d  to  ste  p  a  patte  rn  across  the  sample  and  to  stitch  tope  tli*  r 
patterns  which  e  \<  *  .  d  ih*  fe  hi  -i/e  of  the-  machine*,  The  motion  of  the-  servo  stage  and  tin  d<  - 
fh  e  tion  of  tin  e-J,  , -troii  In  ijin  are  controlled  in  real  time  by  a  dedicated  minicomputer.  Th* 
minicninpuh  r  provide  -  *. « 1 1 •  rn  g«  n*  ration  capability  s,  data  storage-  facility  s,  and  a  eonv<  ni*  nt 

op»  rator  mt»  rtae  «  .  I h*  I  L.l  i-  e  puipp«  d  with  a  se-condarv  e  1*  ctron  de  te  rtor  which  mav  be  use  d 

to  image  the  san-pb  a  -  m  .i  cony*  ntional  c  anning  •  l«  rtron  microscope  (SIM). 

In  principle,  alien:*  •  ■n»  te»  an  i-xi-ting  pattern  laver  i  s  /piite  simple  udng  the  s|.Hl  .  ’1  he 

op*  rator-.  while  vi*  w  inr  the  -1  M  image  of  tie  samph  .  local*  two  or  more  aligium  nt  marks. 

Base  d  upon  th*  loc.it ion  of  the  mark-',  th*  mmii  ompul*  r  cal*  nl.it*  the  appropriate  x-oftr -*  t. 
v  -offset .  and  rotation  to  L  applied  w  he  n  the  n<  w  patt*  ri:  i  a  title  n.  Sim  e  the  aligtum  nt  marks 
can  be  i:f«  ;iil\  magnified  in  th*  *■»  I  M  image  of  th*  -simple  t  high-re  solution  alignm*  nt  -houlel  h* 
r*  adilv  achie  v«  el, 

llow>v*r,  the  ,i lignin*  nt  pro-i  elur«  i  -  c omplie  at*  d  b\  -e  v  r;i!  practical  con*  id<  rations.  T  he 

high*  -t  accuracy  alignment  will  i-e  ejuire  Miiall  alignme  tit  marks  locat*  d  close  to  the  pattern 

ar*  a.  Such  mark*  are  difficult  to  -*  •  at  low  magnificat  ion .  and  at  high  magnification  the  l  ji  Jd 
of  vie  a  is  r«  duct  d  to  the  point  that  searching  for  th»  marks  is  r*  quire  d.  Since  the  SI.IU.  will 

expose  tli*  r«  •-’ist  in  tfie  .in  a  ofob  *  rvafmr  idle  rr  lisr  (1  to  /mag/  tin  s  ample,  imli  scri  minnt» 

hunting  for  th*  alignm*  tit  marks  mav  result  in  unwanted  <  xposur*  in  tli«  patte  rn  ar*  as.  I  urth*  r- 
ita'n  .  the  alignm*  lit  mark  the  ms<  lv<  -  mav  !>»  dan  ag»  <1  a-  a  re  sult  ol  *  xposun  of  the  re  »ist 
and  sub  r(]Hi  *it  proc.  Tng  -t«  ps, 

I  h<  «<  difficulty  •;  i*;ifi  he  avoieJe  d  bv  ming  a  multiste  p  alignme  nt  proc<  dun-.  T  he-  initial 
-te  ps  involve  e-oiir-i  re  gistration  to  large  alignment  marks  vie  wed  with  low  magnification. 

Th#  >i  alignm'  nt  mark*  must  be  w*  11  n -moved  from  the-  critical  pattern  an  as  to  avoid  unwanted 
incide  ntal  •  xp*v-ur«.  I  urllu  r  safe  guards  an  provided  by  using  the  computer  to  coordinate-  stage 
nn'i'iii  and  li'Miii  scanning.  Once  the  ru.ir.se  alignment  has  he**n  acromplishod.  n  is  easy  to  find 
and  iftt.igi-  a  s*-t  «»f  small  alignment  marks  at  high  magnifications  which  pmvidcs  the-  lugh- 
r*  solution  alignme  nt.  I  In  fun  -alignment  ste  p  may  be-  repented  at  various  aivas  on  the  sample 
to  romp*  n  at'  for  waf«  r  distortion  and  ■  1« rtron-bi  am  drift. 

I'irnr**  \\  -s  illustrate.-,  the  layout  «*f  a  La  As  substrate*  which  has  boon  used  to  tost  Iho  align¬ 
ment  e  a  pa  i  1 1 1 1 1  i  •*  >  of  th**  -T  JU  .  The  ample-  is  divided  into  so  fiedds,  oae*h  1  -  1  mm.  Two  fields 
ir.  the  upper  left  rorm-r  and  om*  field  m  the  lower  right  <  nrn*-r  contain  alignment  e-i*e>sst*s.  The 
r»*m.a  in  ing,  fields  »*aeh  nmtniti  four  .mbr-u-  n»r  « •  t«  *  r-gat**  l-’LT  r  !*  *  v  n  <■  patterns.  Those  devices  a  re 
d*  sign*  <1  to  have  a  2-pm  sour*  »  -drain  .spacing  anel  a  O.^-jim  gate  length.  An  optical  micrograph 
of  one  such  device  pattern  is  shown  in  i  ig.  fY-'*. 
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IV “8.  Diagram  of  the  layout  of  the 
fields  on  a  ClaAs  substrate.  Fields  1, 
2  and  '’O  contain  alignment  patterns. 
The  remaining  fields  contain  F FT  de¬ 
vice  patterns. 
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LAYOUT  DIAGRAM 


F  E  T  DEVICE  PATTERN 


The  first  lithographic  step  in  the  fabrication  of  the  I'KT  invoi.es  using  the  SF.BL  to  pattern 
the  source  and  drain  ohmic  areas  and  the  alignment  marks.  These  are  the  bright  areas  in 
Fig.  IY-".  The  Au-Ge  metallization  of  the  ohmic  layer  provides  high-contrast  alignment  marks 
for  use  in  the  later  steps.  The  alignment  procedure  begins  when  the  sample  is  loaded  into  the 
SKIil.  and  the  upper  left  corner  of  the  sample  is  imaged  and  located.  The  distance  between  the 
sample  corner  and  the  first  pattern  field  was  accurately  established  when  the  first  pattern  layer 
was  written  in  the  SFMI..  Thus,  finding  the  corner  provides  a  convenient  method  for  achieving 
the  initial  coarse  alignment.  In  the  next  step,  an  alignment  cross  in  field  1  is  located.  The 
computer  generates  a  scan  and  a  cursor,  and  the  operator  centers  the  cursor  on  the  alignment 
cross  by  moving  the  scan  field  and  the  stage.  The  coordinates  are  then  locked  into  the  computer. 
These  coordinates  are  used  to  determine  the  x-offset  and  y-offset  of  the  sample.  The  accuracy 
of  this  measurement  depends  upon  the  eleetron-beam-probe  size,  the  quality  of  the  alignment 
mark,  and  the  signal-to-noise  ratio  of  the  image.  An  accuracy  of  ±0.3  pm  is  not  difficult  to  ob¬ 
tain.  A  second  alignment  mark,  also  located  in  field  1,  is  used  to  determine  the  rotation.  A 
third  alignment  mark,  located  in  field  10,  is  used  to  refine  the  computation  of  the  rotation.  The 
alignment  marks  in  field  2  are  used  as  spares  in  case  some  of  the  other  marks  are  damaged 
during  the  imaging.  Field  2  also  provides  a  readily  apparent  asymmetry  to  the  sample,  which 
simplifies  orientation  for  loading. 

The  alignment  procedure  described  above  has  been  used  to  demonstrate  ±l-um  alignment 
across  a  C|-  x  10-mm  sample.  This  is  sufficient  overlay  accuracy  for  most  of  the  pattern  layers 
for  the  FKT.  The  alignment  of  the  0.5-pm  gates  to  the  2.0-pm  source-drain  opening  will  re¬ 
quire  maintaining  a  registration  accuracy  of  ±0.3  pm.  This  will  require  aligning  at  each  1  -mm 
field.  Figure  IV  -9  illustrates  a  gate  alignment.  The  bright  areas  are  the  Au-Clc  from  the  first 
pattern  layer.  The  gate  pad,  which  is  written  in  resist,  appears  as  the  light-gray  structure  in 
the  micrograph.  Notice  the  exposed  resist  over  the  alignment  mark  in  lower  right  corner.  The 
second  mark  which  was  used  to  align  to  this  field  is  not  visible  in  the  micrograph.  In  Fig.  1Y-10 
the  upper  left  area  of  the  device  is  illustrated  at  higher  magnification.  The  0.5 -pm  gate  can  b< 
seen  to  be  aligned  to  the  source  and  (.train  regions. 

The  alignrm  nt  procedures  described  in  this  report  offer  some  exciting  possibility  s  for 
device  research  at  Lincoln  Laboratory.  Current  efforts  toward  the  fabrication  of  a 
submicrometei— gate  ITT  ci  ntc  r  around  developing  processing  and  lithography.  Work  is  also 
under  way  to  improvi  and  fully  automat)  tin  alignment  procedure. 

T.  Lyszczarz 
Cl.  Lincoln 
G.  Smith 
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Y.  ANALOG  DKYlCi:  T  KC  II  NO  I.OO  V 


A.  A NALX)G  MMOS  MKMOKY:  SPKHD  AND  KN1)1 ;  KAMA’  K  CAPAHILIT1FS 

AMD  COKKKLATOK  PF  KKORM  AMP  K 

In  previous  reports,1  theory  and  experiments  related  to  the  nonvolatile  storage  of  analog 
signal  levels  in  MMOS  capacitors  were  presented.  A  recent  report  desc  ribed  initial  evaluation 
of  the  storage  of  sampled  analog  waveforms  in  MNOS/CCT)  structures.  In  the  present  contribu¬ 
tion,  recent  tests  exploring  the  capabilities  of  the  existing  MNOS/CAT)  device  are  presented, 
with  emphasis  on  input/output  speed,  stored  waveform  retention,  and  endurance  to  erase/write 
cycling.  In  addition,  the  ability  of  the  same  device  to  perform  binary/ analog  memory  correla¬ 
tion  is  described. 

With  some  changes  made  to  lower  the  input  capacitance  of  the  off-chip  output  buffering  cir¬ 
cuit,  the  32-sample  memory  operates  well  at  500-kIlz  input  and  output  sample  rates.  Figure  V-l 
shows  an  entire  output  cycle  (10  ps/div)  and  a  superimposed  expanded  view  of  several  samples 
(t  ps/div).  Although  the  serial  transfer  inefficiency  of  the  CCD  itself  is  in  the  low  10  ^  range 
at  this  speed,  charge  transfer  through  the  long  wells  at  the  input  circuit  begins  to  contribute  to 
sampling  errors.  In  addition,  the  slew  ►•ate  of  the  output  circuit  is  being  approached. 


[  1098  77  -R 

Fig.  Y-l.  Readout  of  stored 
analog  waveform  at  ^00  kHz. 

Fpper  trace:  entire  train  of 
32  output  samples,  10  ps/div. 

Dower  trace:  expanded  view 
of  several  output  sample  pe¬ 
riods,  1  ps/div. 


The  relationship  between  the  number  of  erase/write  (K/W)  cycles  a  device  has  undergone 
and  its  charge  retention  is  under  investigation.  Device's  which  have  undergone  more  than 
I0h  11/ W  cycles  are  capable  of  storing  analog  sign.  Is  for  a  week  with  less  than  ^O-percent  at¬ 
tenuation,  although  the  fixed -pattern  noise1  has  increased  relative  to  the  uncycled  value.  De¬ 
vices  have  been  cycled  more  than  10  times  but,  pending  further  investigation,  the  conservative 
I  o  ’  figure  seems  advisable.  For  many  applications,  an  endurance  of  only  10^  cycles  is  ample. 

Investigation  of  fixed-pattern  noise  reveals  that  it  is  caused  by  threshold-voltage  variations 
in  both  the  thin  (  30  A  SiO,)  dielectric  of  the  memory  gates  and  the  thick  (TOO  A  SiO,)  dielectric 
of  the  transfer  gates.  The  former  variation  is  somewhat  greater  than  the  latter  (factors  of  2  or 
I'-ss)  and  is  introduced  by  the  tunneling  process.  The  variations  in  memory  threshold  are  tmlv 
fi xed-pattern  noise,  however,  in  the*  sense  that  repeated  writing  under  the  same  conditions  prn- 
dui  es  tin*  same  variations.  This  is  seen  by  comparing  Figs.  Y-2(a)  and  lb).  Figure  Y-2(cl  is 
tin-  output  obtained  under  tin*  same*  ci  rru instances,  but  with  the  memory  gate  level  raised  and 


OUTPUT  AFTER  DC  WRITE 


SAMPLE  NUMBER 
(a) 


OUTPUT  AFTER  DC  WRITE 


sample  number 

(b) 

OUTPUT  OVER  FIXED  THRESHOLD 


Kig.  Y-2.  Fixed -pattern  noise  from  the  analog  memory.  (a)  Output 
in  normal  operation  after  writing  a  uniform  IK'  level  into  the  memory, 
(b)  Output  after  another  write  operation  under  the  same  conditions.  Note 
the  similarity  to  (a),  (el  Output  after  a  third  write  under  the  same  write 
conditions,  but  with  the  read  conditions  modified  to  reflect  the  transfer- 
gate  threshold  instead  of  the  memory-gate  threshold. 


the  transfer  gate  level  lowered  during  reading  so  that  the  latter's  threshold  determines  the  size 
of  the  output  signal  packets.  Although  the  average  slope  of  the  noise  in  (h)  and  (c)  is  similar, 
there  is  no  correlation  of  the  satnple-to-sumple  fluctuations  and  the  rms  deviation  of  the  latter 
is  somewhat  less  than  that  of  the  former. 

Keset  and  source- follower  MOSFFTs  connected  to  the  pa rallel-holding-we 1 1  electrode  per¬ 
mit  the  operation  of  the  device  as  a  binary/ analog  memory  correlator.  The  binary  reference 
is  stored  in  the  memory  sites,  each  of  which  either  allows  or  blocks  passage  of  the  subsequently 
input  analog  signal  to  the  parallel  holding  wells.  The  holding-well  gate  is  used  as  a  floating  gate 
sensor  to  measure  the  sum  of  the  transferred  charge.  The  analog  signal  packets  are  then  trans¬ 
ferred  hack  to  the  serial  CCD  channel,  advanced  one  serial  cell,  and  the  correlation  process  is 
re  pea  toil. 

figure  Y-3  demonstrates  the  performance  of  this  device  in  correlating  a  15-bit  M-sequence 
with  itself.  The  first  trace  [fig.  Y  —  3  ( a)  I  shows  the  output  of  the  stored  reference  after  three 
days  of  storage.  The  first  two  samples  are  unused  sites  which  are  kept  closed  (blocking  paral¬ 
lel  charge  transfer).  The  remaining  30  sites  contain  the  M-sequence,  with  the  sequence  01  rep¬ 
resenting  all  weight  and  the  sequence  10  representing  a  (-)  weight.  The  maximum  amplitude 
(analog)  input  signal  is  seen  at  the  top  of  Fig.  V-3(b).  This  is  a  ±1  -V -amplitude  10-bit  repeating 
M-sequence  with  zero  levels  between  bits.  The  output  of  the  correlator  is  seen  at  the  bottom  of 
this  photograph.  Figure  V-i(c)  shows  an  input  which  has  been  attenuated  bv  more  than  40  dB 
and  the  corresponding  output.  Figure  V  —  3(d)  shows  the  input  and  output  in  the  middle  of  this 
linear  dynamic  range.  Figure  V-3(e)  was  taken  under  the  same  conditions  as  (d)  but  with  the 
input  buried  in  a  10-kllz  triangular  ware.  The  suppression  of  this  triangular  interference  is 
evident.  These  correlation  waveforms  were  taken  with  a  clock  frequency  of  12.5  kHz.  With 
minor  design  changes,  much  higher  frequencies  could  be  reached. 

In  summary,  the  operating  characteristics  of  the  first-generation  device  (I.TAM-A)  are 
shown  in  Table  Y-l.  The  next  generation  analog  memory  has  been  designed  and  is  now  in  the 
process  of  mask  layout.  Design  characteristics  of  this  device  (I.TAM-B)  are  shown  in  Table  Y-2. 

K.  S.  Withers 
K.  W.  Ralston 

M.  2-  TO  20-0  Hz -BANDWIDTH  SI  l’KIU'ONDl  CTI  NO  MATCH  KD  Fll.TKH: 

OMSK  IN  ANALYSIS 

1.  The  Filter  Concept 

Microwave  integrated  circuit  design,  planar  microfabrication  technology,  and  superconduct¬ 
ing  metals  are  being  combined  in  an  effort  to  make  very  wideband  analog  signal-processing  cir¬ 
cuits.  Filters  matched  to  complex  radar  or  communication  signals  such  as  linear-frequency- 
modulated  (I, I’M)  chirps  or  pseudonoise  sequences  appear  feasible  with  time-bandwidth  (TW) 
products  of  over  1000  and  with  bandwidths  of  2  to  20  (ill/..  These  filters  will  be  synthesized 
using  tapped  delay  lines  with  a  waveguiding  structure.  Very  long  delay  lines  (1  to  50  m)  having 
delays  up  to  0.40  gs  would  fit  on  a  small  dielectric  substrate  (24  cm  ).  The  waveguiding  struc¬ 
ture  must  be  very  narrow  (5  to  100  pm)  to  yield  the  long  lengths.  Resistive  losses  of  normal 
melals  in  such  narrow  lines  arc  prohibitive  and  thus  a  superconducting  metal  is  required.  Nio¬ 
bium  (transition  temperature  T  -  ‘’.2  K)  is  preferred  because  it  is  very  durable  and  has  low 
loss  at  liquid-helium  temperature  (4.2  K).  The  technology  for  depositing  and  patterning  it  to 
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hi!.\  (a)  Leadout  ot  Iht*  stored  binary  reference  after  i  days 

of  storage  in  l Ik-  \l\Ob  (Vl>.  The  1  - 1 » i t  M -sequence  is  encoded 
differentially.  .!  V  div.  d»)  I  pper  trace  input  signal,  a  repeat¬ 
ing  M -sequence  with  /on*  levels  between  the  hits.  1  V  div.  Lower 
trace:  correlation  output,  S00  mV  'div.  (c)  l  pper  trace:  input  sit!” 
nal,  to  mV/div.  Lower  traee:  correlation  output,  10  mV  'div. 
(d)  I  pper  trace:  input,  100  mV  div.  l  ower  Irace:  con  elation  out¬ 
put,  SO  mV/div.  (el  I  pper  trace:  same  input  as  (d),  with  added  in¬ 
terference  signal.  100  mV/div.  Lower  traee:  correlation  output, 
SO  mV  'div. 


TABLE  V-l 

LTAM-A  MNOS/CCD  ANALOG  MEMORY 
TYPICAL  OPERATING  PARAMETERS 


Reset  Pulse  Voltage 

-35  V 

Reset  Pulse  Length 

10  ms 

Write  Pulse  Voltage 

*25  V 

Write  Pulse  Length 

200  Ms 

CCD  Clock  Frequency 

1  to  500  kHz 

Charge  Transfer  Inefficiency 

1.1  x  10"4  (14% fat  zero,  125  kHz) 

Endurance 

>10^  erase/write  cycles 

Dynamic  Range 

33  dB  after  1 00  h 

LTAM-B 

TABLE  V-2 

MNOS  ANALOG  MEMORY 

DESIGN  AND  OPERATIONAL  FEATURES 

Memory 

2 

256  samples,  10  ^  10  pm  memory  area 

CCD 

2 

3-phase,  $urface-n-channel ,  10  •  60  pm  gate  area 

Technology 

Dual -dielectric  gate,  one-level  metal,  two-level 
polysilicon  interconnects 

Local  oxidation  of  silicon  channel  stop,  diffused 
source/drain 

Chip  Area 

8200  •  800  Mm2 

Clock  Speed 

>1  MHz  (input  and  output) 

Voltage  Gain 

(serial  inpot/store/serial  output):  approximately  unity 

Correlation 

Binary/analog,  100-kHz  rate 

59 


l-gri  precision  has  been  developed  at  Lincoln  Laboratory  and  elsewhere.  This  report  gives  the 
results  of  an  analysis  of  the  theoretical  and  practical  constraints  on  implementing  such  electro¬ 
magnetic  filters. 

One  penalty  of  using  superconductors  is  that  refrigerators  are  needed  to  maintain  the  cryo¬ 
genic  environment  for  the  superconducting  circuits.  Such  refrigerators  are  being  developed.  A 
spin-off  from  the  superconducting  computer  development  is  a  4 .2  Is  refrigerator  which  requires 
2  kVV  of  power.  Lnder  intensive  development  are  refrigerators  which  operate  at  1(1  to  12  K. 

These  are  designed  for  extended-mission  spacecraft  and  require  about  40(1  u  of  power.  Super¬ 
conductors  with  high  (e.g.,  Nb^Sn,  =  1  8  K)  are  being  developed  and  are  well  matched  to 
the  higher  temperature  refrigerators.  Thus  it  is  feasible  to  place  superconducting  circuits, 
both  analog  and  digital,  in  future  systems. 

2.  Analysis  of  Ti me-Bandw idth  Constraints 

1‘he  ti  me -bandwidth  constraints  of  the  filter  are  determined  by  the  delay  line  itself.  The 
constraints  imposed  by  conductor  loss,  dielectric  loss,  dispersion,  crosstalk,  and  fabrication 
technologies  arc  therefore  examined  for  n.icrostrip,  stripline,  and  roplanar  waveguide. 

a.  Tapped-I >elay- 1  ine  Filter 

Three  different  geometries  for  squeezing  a  very  long  tapped  delay  line  on  a  small  surface 
area  are  shown  in  Fig.  V-4.  The  dual -spiral  pattern  is  preferred  for  several  reasons:  tight 
radius  bends  are  avoided  and  taps  are  placed  independently  of  bends;  the  circular  space  is 
inn  percent  utilized  (thin  wafer  substrates  are  typically. round);  and  spurious  signals  induced 
on  the  output  line  by  crosstalk  are  propagating  away  from  the  output  port,  can  be  terminated, 
and  are  less  likely  to  cause  distortion. 

A  I.FM  filter  can  be  synthesized  with  a  tapped  delay  line  in  a  variety  of  ways;  two  schemes 
are  being  studied.  ( »se  approach  is  to  divide  the  total  frequency  band  into  n  channels.  Kach  tap 
corresponds  to  one  of  the  narrow  bands  and  has  an  amplitude-vs-frequenoy  characteristic 
designed  to  coherently  add  to  the  response  of  adjacent  taps  in  order  to  give  a  unit  amplitude  re¬ 
sponse  lor  other  desired  weighting)  across  the  hand.  In  addition,  a  quadratic  phase-vs-frequency 
characteristic  must  be  achieved  m  order  to  give  the  desired  linear  group-delay-vs-frequency 
response.  This  requirement  determines  the  placement  of  each  tap  in  the  delay  line.  Lsing 
this  approach,  a  relatively  small  number  of  taps  are  required  to  synthesize  large  time-bandwidth- 
product  filters.  Lacli  tap,  however,  is  unique  and  is  of  complex  design. 

An  alternate  approach,  which  is  much  easier  to  fabricate  but  which  introduces  slight  signal 
distortion,  is  to  use  wideband  taps,  all  of  which  have  positive  weight  and  identical  phase  charac¬ 
teristics.  The  taps  are  placed  nonuniformlv  along  the  delay  lino  at  delays  corresponding  to  360° 

of  phase  change  in  the  chirp  signal  Sit)  -  coslw  t  ■  I  'l  gt^l,  where  g  is  the  chirp  slope  over  the 

,  '  ’  i 

interval  -T  2<  t<  I  2 .  This  approach  was  developed  at  Lincoln  Laboratory  for  another  proj¬ 
ect  and  gave  good  performance  for  a  I.FM  signal  with  a  TW  product  of  200.  In  general  this  tech¬ 
nique  is  applicable  for  filters  of  TW  product  above  about  100. 

The  physical  layout  and  equivalent  circuit  of  a  wideband  tap  is  shown  in  Fig.  Y-S.  The  weight 
of  a  typical  tap  would  be  set  at  60  <413,  thus  multipath  signals  resulting  from  the  nondirectional¬ 
ity  of  the  tap  would  be  very  small  relative  to  the  desired  signal. 
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y.  V  -7. 


Coupling  between  parallel  lines  for  stripline  and  microst  rip, 


b.  Waveguiding  Structures 

The  tbree  waveguiding  structures  -microstrip.  striplinc,  and  coplanar  waveguide  arc 
shown  in  Fig.  Y-6.  All  thi'ee  may  he  used  under  certain  circumstances,  and  all  are  superior  to 
such  alternatives  as  slotline  or  slow-wave  structures.  The  three  structures  have  comparable 
losses  (coplanar  is  about  2  dll  greater).  Stripline  has  no  dispersion,  but  it  will  be  seen  that  for 
the  dimensions  and  frequencies  important  here  all  tile  structures  have  negligible  dispersion. 

The  three  structures  have  very  different  crosstalk  properties,  and  they  stress  fabrication  tech¬ 
nology  quite  differently.  In  the  discussion  that  follows  the  filter  is  assumed  to  have  50  percent 
fractional  bandwidth.  A  tapped-delav-line  filter  thus  requires  the  line  length  I.  in  wavelengths 
\  to  equal  2TW. 

c.  Crosstalk 

Crosstalk  between  the  input  and  output  lines  is  significant  as  a  loss  mechanism  for  the  spiral 
geometry,  and  as  both  a  loss  and  distortion  mechanism  for  other  geometries.  If  the  loss  per 
wavelength  is  then  the  delay-line  loss  in  dR  is  8.6  k  I./x.  Thus  k^  <  1/2TW  gives  an 
acceptable  loss  less  than  8.6  dll. 

The  crosstalk  is  approximately  given  by  k  .  ■*  (Z  -  Z  )/{Z  *  Z  )  where  Z  .  Z  are 

■'  ct  oo  oe  oo  oe  oo'  oe 

the  odd-  and  even-mode  impedances  of  the  input  and  output  lines  taken  as  a  pair. 

Figure  V-7  shows  the  crosstalk  coefficient  for  microstrip  and  stripline  as  a  function  of  line 
spacing  (for  a  50S1  line).  Microstrip  has  more  crosstalk  for  wide  spacing  because  of  the  absence 
of  an  upper  ground  plane.  This  can  be  somewhat  alleviated  by  using  shielded  microstrip.  The 
crosstalk  for  coplanar  waveguide  has  not  been  analyzed.  However,  an  analog  simulation  using 
conducting  paper  indicates  that  if  w  =  g  and  d/g  -  8  (variables  defined  in  Fig.  Y-6),  the  crosstalk 
is  about  -40  dR  and  if  d/g  =  10,  it  is  -16  d  R.  The  crosstalk  for  coplanar  guide  only  drops  in¬ 
versely  with  the  line  spacing,  while  for  stripline  it  drops  exponentially.  The  reason  for  this  is 
that  the  very  thick  dielectric  of  the  coplanar  guide  allow  s  for  significant  capacitance  between  the 
two  lines,  while  in  stripline  the  capacitance  is  very  small  because  the  ground  plane  intercepts 
nearly  all  field  lines,  rims  coplanar  guide  can  lie  used  on  small  time-bandwidth  (  l'W  •  100), 
microstrip  on  modest  i  l'W  100),  and  stripline  on  large  (  l'W  2000)  delay  lines.  Practical 
stripline  structures  can  be  made  where  the  crosstalk  is  virtually  zero,  l'lie  thrust  of  our  first 
design  and  experimental  efforts  will  be  the  microstrip  and  stripline  geometries. 

d.  Conductor  l  oss 

At  microwave  frequent  ies,  superconductors  have  significant  resistance  due  to  the  presence 
of  normal  electrons.  The  loss  (in  dll)  for  superconducting  microstrip  is  K.6  It  I.  wZ  where 

I  is  the  driav-line  length,  It  the  surface  resistance  of  Nh,  w  the  strip  width,  and  Z  the  line 
i  mpedance. 

On  an  arbitrary  large  substrate  one  can  design  an  arbitrary  long  delay  line  by  making  the 
conductor  strip  wide  enough  to  ensure  modest  losses.  On  a  fixed-area  substrate,  the  delay¬ 
line  length,  the  strip  width,  and  the  line  impedance  are  interrelated.  These  relationships  can 
be  expressed  as  a  function  of  the  total  delay  and  fractional  bandwidth. 

Consider  a  stripline  of  geometry  shown  in  Fig.  Y  -6.  The  physical  length  of  the  line  1  - 
cT/ '  A/(s  ;  w  )  w  here  T  is  the  total  delay,  c  /  J  k  the  propagation  velocity  m  the  line,  and 


A  the  substrate  area.  The  loss  (in  dB)  is  8.6  I{  l./wZ().  Kvaluatiiif!  this  expression  in  terms  of 
delay  and  bandwidth  can  be  done  with  the  following  constraints  appropriate  to  our  filters: 

s/b  =  2  for  -60  dB  crosstalk 

k  =  W/f  -  fractional  bandwidth 
w  o 

K  -  5.5  x  10"7  f’-7  51/Q,  f  in  Gllz,  for  M>  at  1.2  K 

,.  J  ,  ,  ,JI)V  5.2  X  to'6  w1, 1  r 

C  onductor  loss  (dB)  -  - r-= - 

k  ‘  Z  A  k 
w  o  r 

For  k  =  t/2,  -  ^.6  (sapphire!,  -  50 il  (w./b  •  0.167),  and  A  -  25  cn/,  tin*  loss  IdBi  ' 

2  x  105  <TW>2. 

This  latter  expression  of  the  limits  of  filter  design  in  terms  of  signal  delay  and  bandwidth 
is  shown  in  Fig.  Y-8.  These  constraints  are  not  influenced  very  much  by  impedance  level  or 
dielectric  constant.  The  constraints  are  very  much  influenced  by  operating  temperature  and 
the  material  T  .  Figure  Y-0  shows  the  dependence  of  maximum  delay  length  for  10  dB  loss  at 
2  (Biz  bandwidth  vs  temperature  for  N'b  and  Nb-Sn. 
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Fig.  Y-8.  Delay-bandwidth  constraint  on  superconducting  striplu.r  due 
to  conductor*  loss. 


For  50  percent  bandwidth  (kw  -  0.5)  and  an  acceptable  loss  of  5.4  dli,  the  constraint  on  the  time- 

bandwidth  product  of  the  delay  line  is  given  by  TW  <  1/(10  tan  6).  Thus  a  TW  -  100  filter  re- 

-3  * 

quires  a  loss  tangent  of  10  ,  an  easily  met  requirement.  A  TW  =  1000  filter  requires  a  loss 

-4  -4 

tangent  of  10  .  Bulk  Supercill  11  (a  very  pure  quartz)  has  a  loss  tangent  of  about  10  .  Sap¬ 

phire  has  a  loss  tangent  of  10  ^  or  better,  making  it  the  dielectric  of  choice. 

4 

The  Getsinger  model  for  microstrip  dispersion  is  given  by 

-  * s  i eo 

e  s  1  4  G  f^/f 2 
p 

where  f  -  Zq/2  p.^h  is  the  cutoff  frequency,  «g  is  the  substrate  relative  dielectric  constant, 
t  is  the  effective  IX'  dielectric  constant,  G  ~  1 ,  and  Z  is  the  line  impedance. 

This  dispersion  places  a  limit  on  the  TW  product  that  a  substrate  of  a  given  height  can  sup¬ 
port.  For  the  thin  substrates  of  interest  to  this  project  this  dispersion  is  negligible.  For  ex¬ 
ample,  the  cutoff  frequency  f  is  about  200  GHz  for  a  tOO-gm  (4  mil)  substrate,  which  results 
in  a  0.0  1 -percent  change  in  the  dielectric  constant  over  a  2 -GHz  bandwidth. 

Stripline  is  entirely  free  from  dispersion,  and  thus  even  larger  structures  could  be  used  if 
required.  In  general,  however,  dispersion  is  not  a  problem  for  any  of  the  small  waveguiding 
strurtn  res. 

f.  Fabrication  Technology 

The  fabrication  issues  involve  the  dielectric  substrate,  the  photolithography,  and  the  nio¬ 
bium.  Bach  is  discussed  below. 

(dplanar  waveguide  places  no  constraint  on  the  dielectric  thickness.  .Stripline  and  micro- 
drip  require  thin  substrates  to  allow  narrow  lines  m  ar  50S2  impedance  (25  to  1  00S2  is  conve¬ 
nient).  Table  V-l  shows  the  maximum  delay-line  length  of  5012  stripline  for  an  array  of  substrate 
areas  and  thicknesses.  Commercial  vendors  of  precision  microwave  dielectric  substrates  can 
supply  unsupported  2-in.-dia.  low-loss  sapphire  substrates  100  gm  thick;  thus  50-ns  delay  is 
i  Movd-le  p  tlm  ne  ar  term.  Thinner  substrates  (,<24  gnu  may  he  feasible  if  supported  by 
t  •ndiu.  t"  a  the  ker  carrier,  such  development  will  he  required  to  reach  delays  of  200  ns  or 


TABLE  V-3 

DELAY-LINE  LENGTH 

50 Q  STRIPLINE  ON  SAPPHIRE 

Substrate  Thickness  (pm) 

400 

100  25.0 

6.0 

Delay  (ns) 

2 

Active  Area  (cm  )  5 

3 

12  50.0 

200.0 

20 

12 

50  200.0 

800.0 

40 

24 

100  400.0 

600.0 

Line  Width  (pm) 

133 

33  8.3 

2.  1 

greater.  Alternate  long-term  development  options  for  long  delays  on  very  thin  substrates 
involve  de(>osited  dielectrics  or  sheet  dielectrics.  Fabrication  of  n  thjn-film  dielectric  with 
adequately  low  loss  will  require  very  low  contamination  in  the  deposited  film.  A  more  readily 
explored  alternative  would  lie  to  use  plastic  film  as  the  dielectric.  Films  of  Teflon,  or  poly¬ 
ethylene  or  pnlyimide  are  available  in  thickness  of  t  mil  {28  jam)  or  less.  Loss  tangents  of 
2X10  **  have  been  reported  at  *1.2  K.  These  films  could  he  used  to  make  mirrostrip  by  depos¬ 
iting  and  patterning  \h  on  the  film  directly  or  by  sandwiching  the  film  between  two  thicker  sub¬ 
strates  which  carry  the  \b  ground  plane  and  strip  patterns. 

Minimum  feature  size.*-*  of  1  jun  are  readily  achievable  by  contact  photolithography  over 
small  areas.  Because  the  waveguiding  structures  required  line  widths  of  2  pm  or  greater', 
resolution  itself  is  not  a  problem.  However,  the  line  should  he  free  of  defects  over  the  large 
substrate  surface.  This  places  a  lit", it  on  acceptable  particulate  contamination  (e.g.,  the  200-ns 
In  c  is  20  n  long  and  can  suffer  no  shorts,  opens,  or  major  perturbations  in  impedance).  The 
reasonable  limit  determined  by  photolithography  would  be  a  delay  of  about  2  gs.  Reaching  this 
limit  will  require  extensive  development  of  a  3-in.-dia.  photolithographic  technology. 

The  low  contamination  required  for  the  photolithography  applies  to  the  cleaning  of  the  eli¬ 
de* -trie  substrate  and  to  the  st  utter  process  used  for  \h  deposition. 


•*.  .'vjmr.nrv 

L  rr*u  t  technology  and  the  underlying  physics  support  making  delay  lines  of  SO  ns  delay 
nd  2  (Ilf;  bandwidth.  Thu*,  a  near-torn,  coal  of  a  100  TW -product  filter  is  realistic.  Such  a 
filter  .  an  be  ,•  ;»b  n  «-nte«l  with  coplai.ar  .\avcguule  (without  violating  the  crosstalk  constraint), 

•  -trip!  i*t-  .  r  •  i.  : .  1 1:;-  ■  w  it  .  i  •  •  L  *  t  i  ? : .  •  tin*  I -n  il  sub.-d  rate  thickness  fabrication  constraint), 

•  i  th  i  *  ?  ■ :  •  -  ■  i !  •  tv..  *  .*.  •  *1  ■,<  ■.  t  .  i  *  da  1 1  r  i  he  d  ic  lee  t  ric  -  loss  const  raint) . 

Ml  * :  :  •  »:■«  •  -r:  i  ti  ga  ted  expo  ri  u  ontal  ly.  The  eventual  attainment 

•  »f  Tv\  :  :•>  V  t  r.  r  .  n\  :  of  8  to  20  (ill/,  will  require  major  development 

effort.  1  i  r’ln;!’*  ..  c.t  run,  .*.  h  development  w  i  11  I'equire  making  thin  (<28jam)  sub- 

.T,  it*  1  •  .  •nli*  i-  n.1*-:  .t  will  require  careful  design  to  compensate  for  the  crosstalk 

>  i .  ?.:i  1  1"  e  d  > :  i  n.m  -  .  L' :  ■  •  :  a  mg  >uch  wideband  filters  and  other  analog  superconducting 
cm*'  po*  .•>  t,-  !»!•■•■•  .  1  i :  .  *  •  :».r»  *  ffs  in  signal  processing  systems. 

.1.  T.  Lynch 
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